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ABSTRACT: Metastable polymorphsmaterials with the same
stoichiometry as the ground state but a different crystal structure
enable many critical technologies. This work describes the
development of a stabilization approach for metastable polymorphs
that are difficult to achieve through other stabilization techniques
(such as epitaxy or quenching) called stromataxy. Stromataxy is a
method based on controlling the precursor structure during the
initial stages of material growth to dictate phase formation. To
illustrate this approach, we controlled the atomic layering of the
precursors of ScFeO3 and stabilized the metastable P63cm phase,
under conditions that previously led to the ground-state Ia3 
bixbyite phase. Ab initio mechanistic calculations highlight the
importance of the variable oxidation state of Fe and the layer
stability during layer-by-layer growth. The broad applicability of a stromataxy approach was demonstrated by stabilizing this
metastable phase on substrates that have previously been shown to stabilize other polymorphs under continuous growth. Stromataxy
is shown as a viable option for accessing polymorphs that are close in energy, difficult to differentiate by strain, or that lack a well
epitaxially matched substrate.

■ INTRODUCTION

Layered deposition is often used to create layered ceramic
compounds;1−3 it is far more unusual if the grown layered
material is metastable but deposited under conditions that
previously led to the ground-state phase without layering. So
how does changing the deposited structure change which phases
could be stabilized? There is well-established precedent for the
influence of precursor structure on the morphology and
crystallographic texture of the ground-state phase in biology,
geology, and materials science.4−6 For example, it has been
shown in some transition-metal oxides that varying the
deposition rate leads to the formation of different polymorphs,
presumably due to changes in the local structure prior to
crystallization.7−9 Metastable phases have been stabilized by
engineering the entropy or enthalpy of alloyed systems, but this
route is not viable for less-complex chemistries.10,11 Perhaps a
metastable phase could be stabilized if the temperature is low
enough or quenched quickly enough, so that the as-deposited
structure could have remnant metastability, similar to what has
been done in the shuttered layer-by-layer growth of Rud-
dlesden−Popper phases.12−14 But when the temperature is high
enough to induce diffusion in similar compounds15 as well as
absorption-controlled growth,16 as in the present work (where
the substrate temperature was kept above 750 °C), remnant

capture cannot entirely account for the difference in phase
formation pathways.
While there are many well-documented studies on the impact

of topotaxy17,18 (reaction in which the initial crystalline material
determines the orientation of the product crystal), there is not
an analogous concept for the influence of the initial deposited
structures (created before or during the induction of
crystallization) on phase formation. In order to solidify this
concept and begin the discussion of the underlyingmethodology
behind engineering processing routes, we adopt the term
“stromataxy”. Stromataxy is defined as controlling the structure
of the material prior to crystallization (through precursor
selection or deposition timing) in order to direct the phase
formation pathway. A stromataxic approach can be used when
the following conditions are met:
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(1) There must be a structural relationship and low-energy
pathway between how the precursors (atoms, molecules,
or compounds) are assembled during the initial stages of
growth and the targeted metastable material. The ground
state cannot have features that are too similar energetically
and structurally to those of the target metastable
polymorph. For example, we show that, while it is
possible for the ground-state bixbyite ScFeO3 to be
layered (because the scandium and iron are randomly
dispersed on a sublattice),19 it is energetically prohibited.

(2) There is a means of isolating discrete structurally (or
energetically) similar elements, either spatially or
temporally, to control the precursor structure. In this
work, the structural relationship comes from the control
of layering, but this could also mean maintaining
coordination or morphology from a precursor.20

(3) The structure created during deposition should be in an
energetic well that is deep enough that it does not relax or
diffuse back to the ground state. In the case of the layered
P63cm ScFeO3, our calculations show that the variable
oxidation state and the coordination of the iron layers
helps to stabilize the system against diffusion.

(4) For thin films, even though a stromataxic approach does
not require dependency on a particular substrate, the
substrate can still be used to stabilize the formation of the
desired structure needed to promote the targeted
metastable phase as the surface of the Al2O3 does in the
case of metastable P63cm ScFeO3.

Previous work has shown the viability of using a stromataxic
approach to stabilize metastable multiferroics,21 layered super-

conductors,22 and Ruddlesden−Popper phases by varying the
chemistry by layer (i.e., SrO−SrO−TiO2 layers in
Srn+1TinO3n+1),

23 but here the selection is between polymorphs
with the same fixed stoichiometry. The goal of this work is to
investigate the influence of the structuring during growth on the
stabilization of phases, in order to be able to develop engineering
strategies to target metastable materials. The hexagonal P63cm
phase of ScFeO3 provides an ideal model system, because it is
synthetically accessible24,25 but still difficult to stabilize, because
of the lack of epitaxial substrates and the competition between
polymorphs with similar structure and energy.24,26 Not only is
the P63cm phase challenging to stabilize, it is also functionally
interesting, because of the predicted magnetic properties,27

measured ferroelectricity,24 and the precedence of multi-
ferroicity in other polymorphs of ScFeO3

26 and other
isostructural materials such as (Lu,Sc)FeO3.

28−30 Here, each
of the steps outlined above is discussed in order to develop a
stromataxic growth approach.

■ EXPERIMENTAL METHODS
Film Deposition. ScFeO3 thin films were deposited by molecular

beam epitaxy (Veeco Gen10 system) onto (0001) Al2O3 substrates
(CrysTec, GmbH) for structural and optical measurements. The
substrates were cleaned in acetone, IPA, then rinsed in deionized (DI)
water. After cleaning, it was annealed in a furnace for 3 h at 1300 °C
before loading in the MBE chamber. The back side of substrates were
coated with Pt to absorb the radiation heat from the SiC heater. The
substrates were kept at ∼750 °C during the deposition. The calibrated
Sc flux was 1.9 × 1013 atoms/cm2 s and Fe flux was 3.8 × 1013 atoms/
cm2 s, respectively. For the layered films, a shuttered growth approach
was used, starting with a scandium oxide layer for 48.0 s, then iron oxide
at 27.7 s. The background pressure during deposition was ∼1 × 10−6

Figure 1. (a) X-ray diffraction (XRD) pattern of a ScFeO3 thin film deposited in discrete alternating layers of scandium and iron onto a (0001) Al2O3
sapphire substrate. All peaks fit to the (0001) hexagonal P63cm structure. Stars indicate the sapphire peaks. (b) XRD pattern of a ScFeO3 thin film
deposited by continuous deposition onto a (0001) Al2O3 sapphire substrate, with all other variables held constant. The data are fit to a (222) oriented
bixbyite Ia3 phase. (c) Reflection high-energy electron diffraction (RHEED) taken during layered film growth along the [1000] direction. The arrows
highlight the structural features consistent with the scandium distortion in the P63cm structure. (d) RHEED taken during continuous film growth
indicating a polycrystalline bixbyite phase.
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Torr of 10% ozone with 90% oxygen. The film growth rate and phase
were monitored by in-situ RHEED, reflective high energy electron
diffraction (STAIB Instruments). Further information on the
Rutherford backscattering response of the films can be found in the
Supporting Information.
X-ray Diffraction. The film structures were determined by X-ray

diffraction (XRD). An X-ray diffractometer (Empyrean, Malvern
Panalytical) was used to measure the θ−θ, rocking curves, reciprocal
space mapping, and phi scans. The X-ray source was Cu Kα radiation (λ
= 1.5406 Å).
STEM Imaging. TEM samples were prepared using Thermo Fisher

Strata 400 FIB andHelios G4 FIB. Samples were finished at 5KV, 62pA.
HAADF STEM images were acquired using a Thermo Fisher Titan
Themis S/TEM operating at 300 kV, with a convergence angle of 26
mrad. The final HAADF image was obtained by the image registration13

of 50 fast (frame time = 0.63 s) images.
Theory. All first-principles studies are computed with plane wave

basis sets implemented in the QUANTUM ESPRESSO package.31

Ultrasoft pseudopotentials32 and Perdew, Burke, Ernzerhof (PBE)
exchange correlations (XC)33 have been used. Dispersion interactions
are taken into account by using the Grimme DFT-D3 method.34 The
DFT+U method35−37 is applied for the Fe atom, and U = 4.0 eV is
chosen.38 The ferromagnetic moment calculations were performed on
the P63cm-phase ScFeO3, obtaining 3.79°μB per Fe atom. The kinetic-
energy cutoff for wave functions (Ecut) is set at 1090 and 816 eV for
Models I and II, respectively, with the charge cutoff being 10 times
larger. The sampling of Monkhorst−Pack k-point meshes for the unit
cell of P63cm-phase ScFeO3 and Al2O3 is equivalent to 4× 4× 2 and 6×
6 × 2, respectively. The unit cell of layer-ordered bixbyite phase of
ScFeO3 was calculated as antiferromagnetic and a k-space mesh of 2× 2
× 2. Further information on the theory calculations can be found in the
Supporting Information.

■ RESULTS
The impact of stromataxy on phase formation in ScFeO3 is
investigated using two different deposition patterns: (1) a
continuous flux from both the iron and scandium sources; and
(2) alternating flux from only one source at a time, beginning
with the scandium layer. The substrate temperature, total
pressure, the pressure of O2, thickness, and stoichiometry are
kept constant for these depositions. Further information on the
growth conditions is provided in the Methods section. The
shutter timing for each layer was determined from the reflection

high-energy electron diffraction (RHEED) oscillations during
growth. The stoichiometries of both the layered and continuous
films were found to be Sc1Fe1.05O3 by Rutherford backscattering
(RBS) (see Figures S1a and S1b in the Supporting Information).
Figure 1a and 1b show the XRD patterns for ScFeO3 films

deposited on (0001) sapphire substrates by layered or
continuous deposition. Because sapphire substrates do not
provide a low-strain epitaxial match for either the P63cm phase
(16.8% strain, 0001 ∥ 0001) or the Ia3 phase (10.3% strain,
222 ∥ 0001), the ground-state Ia3 bixbyite phase19 would be
expected for both processing routes. Bixbyitethe expected
ground state for ScFeO3 and Sc2O3is an anion-deficient
fluorite-type structure (see Figure S2a in the Supporting
Information). The XRD results for a scandium oxide deposition
on 111(YSZ), with all other variables held constant, are shown
in Figure S2b. In this structure, the Sc and Fe are each 6-fold
coordinated by O and randomly distributed on the same
sublattice.19 The diffraction pattern for the continuous films fit
to the Ia3 bixbyite with a (222) orientation. But when grown
with alternating flux, the films yield diffraction patterns that can
be assigned to the (0001) hexagonal P63cm structure instead.
This phase has alternating planes: a plane with corner-sharing
FeO5 trigonal bipyramids, and a plane with ScO7-modified
octahedra. The films are phase pure, according to XRD. The
hexagonal phase could be grown using continuous growth as a
mixture with the ground state, but only for compositions
exceeding 12% excess iron (XRD and RBS in Figures S3 and S4
in the Supporting Information). The XRD data are further
corroborated by RHEED analyses performed during film
growth. In Figure 1c, the white arrows highlight reflections
that are unique for the P63cm phase and consistent with the with
the scandium distortion in this phase. A clear relaxation is seen
within the initial layers of growth for both the layered and
continuous films. The RHEED pattern observed for the
alternating-growth films is clearly distinct from the ground-
state bixbyite phase seen in the RHEED of the continuously
grown films in Figure 1d. Both the XRD and RHEED indicate
that changing the deposition timing, and thus the structure of
the material as it is being deposited, changed the energy

Figure 2. (a) Scanning transmission electron microscopy of a layered P63cm ScFeO3 film (scale bar = 1 nm). (b) Schematic of the theory derived unit
cell for the layered hexagonal P63cm structure [purple, Sc; tan, Fe; and red, O]. (c) (a−b) basal plane projection of the theory-derived unit cell for
(0001)-oriented P63cm ScFeO3. (d) (a−b) basal plane projection of the theory-derived unit cell for (0001)-oriented Al2O3 sapphire substrate.
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landscape enough to stabilize a metastable phase in stoichio-
metric films.
The P63cm phase is also clearly discernible in the STEM

images shown in Figure 2a; the discrete layers of iron and
scandium are consistent with the layered hexagonal structure.
Alternating growth also appears to mitigate interfacial Fe3O4
layers that have previously been observed in LuFeO3 on
(111)YSZ.15 The lattice parameter estimate extracted from the
STEM andXRD data, a = b = 5.85 Å, c = 11.60 Å, α = β = 90°, γ =
120°, is consistent with DFT calculations. The structure is
analogous to P63cm LuFeO3

21 or EuMnO3,
39 where the

rotations of FeO5 trigonal bipyramids in the (0001) plane and
the corresponding displacement of the Sc atoms along the
[0001] axis, break the inversion symmetry, and form a polar
distortion along the [0001] direction. These structural features
are highlighted in the schematic of the theory-derived structure
in Figure 2b.
In order to understand how precursor structure influences

phase formation, the growth process was simulated through ab
initio calculations. Two models were explored: Model I was
based on forced epitaxy (using an averaged strain state/lattice
parameter between the substrate and film of a, b = 5.325 Å);
Model II was based on the minimum coincidence lattice of√3
×√3R30° and 2× 2 unit cells of film and substrate, respectively,
for a lattice mismatch of∼5.5%). The Al−O surface termination
of the (0001)Al2O3 substrate was used because it is the most
thermodynamically stable surface at the experimental conditions
(T = 1023 K).40 The basal plane projections of the theory-
derived unit cells for (0001)ScFeO3 and (0001)Al2O3 are shown

in Figures 2c and 2d, respectively. The orientation relationship
used in each model is shown in Figures S5a and S5b in the
Supporting Information. Next, the growth energies (Egrowth,
defined in the Supporting Information) of each Sc and Fe oxide
layer were calculated for both +2 and +3 oxidation states. Upon
exposure to Sc+O2, the first layer was found to be epitaxial Sc2O3
with Egrowth =−5.71 eV per Sc (−4.38 eV per Sc forModel II, see
Figure 3). This layer is stabilized by the relaxation of the topmost
Al cations into the Sc oxide monolayer at hexagonal Sc sites
(instead of Sc at these sites), as shown in Figure 3 for Model II
(and in Figure S6 in the Supporting Information for Model I).
The position of a supersurface Al is consistent with recent first-
principles calculations showing surface piezoelectricity in
Al2O3(0001).

41 Also, the starting layer has been observed to
strongly influence phase stability in similar materials systems in
previous studies.42 (To ensure that the appropriate model is
used for the interfacial structure (and, hence, the growth
pathway), we calculated different stoichiometries for the initial
layers (see Figure S7a in the Supporting Information) and
confirmed that the stoichiometry in Figure S6 has more
favorable growth energies). The projected density of states
(PDOS) analysis of the initial Sc2O3 monolayer on top of the
Al−O surface shows a strong electronic orbital overlap between
Sc and O atoms belonging to both Sc2O3 and Al−O layers (see
Figure S7b in the Supporting Information). Therefore, the
Sc2O3 monolayer interacts strongly with the Al2O3 surface and
can be kinetically stable at the interface (for a certain time before
the FeO layer is deposited). The theory findings on the
importance of maintaining a uniform Sc2O3 monolayer wetting

Figure 3. Schematic of the nonepitaxial growth model II in which√3 ×√3 R30° P63cm-phase ScFeO3 will be grown on the 2 × 2 Al−O-terminated
Al2O3 (0001) surface. (Model I of the forced epitaxial growth is shown in Figure S6 in the Supporting Information.)
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the oxide substrate as a first layer in the growth of P63cm ScFeO3
structure is supported by the experimental results showing
reduced quality and stability of films grown with an initial Fe
layer. The impact of initial Fe deposition on film growth can be
seen in the XRD data in Figure S7d in the Supporting
Information. Thus, we show that not only does the ordering
of layers matter, but also the interaction between the substrate
and initial layers can provide stabilization.
After the formation of interfacial Sc2O3 layer, Fe+O2 is

introduced, leading to the formation of an FeO monolayer (see
Figure S7c in the Supporting Information). Next, Sc+O2 react
on the surface in a 1:1 ratio, converting the Fe2+ to Fe3+ and
forming a complete P63cm-phase ScFeO3 layer. Figure 3 (and
Figure S6) shows how each layer was built up independently in
model II (model I). The growth follows a pathway of
substrate*→ substrate*(Sc2O3)→ substrate*(Sc2O3)-
(FeO)→ substrate*(Sc2O3)(ScFeO3), where the substrate*
shares Al−O when (0001) Al2O3 is used. Interestingly, the
capability of Fe atoms to assume both +2 and +3 oxidation states
enables the viability of such a growth mechanism. When the Fe
layer is the termination, prior to the deposition of a Sc+O2
capping layer, it only stabilizes a limited number of oxygens,
favorably reaching +2 rather than forming the +3 oxidation state
of Fe. However, once Fe atoms are in an interior layer, the
extended bulk bonding motif provides enough neighboring O
atoms for Fe to reach the +3 oxidation state. Layered growth was
also found to be energetically favorable in model II. Thus, the
stoichiometry of each layer in the growth pathway appears to be
robust, regardless of the exact interfacial model.
The next step is to understand the stability of each layer after

deposition and its resistance to diffusion or relaxing back to the
ground state. The thermodynamic stability of each Sc/Fe-oxide
monolayer after deposition was studied by computing the grown
slab energy, relative to the Al2O3 slab and the bulk oxides
(Estability, defined in the Supporting Information). Interdiffusion
of Sc and Fe in models I and II are shown in Figures S8a and S8b
in the Supporting Information, respectively. In both models,
Estability reaches almost the same value once a unit cell of
stoichiometric ScFeO3 is formed (Layer 3). Because bixbyite,
the expected ground state for ScFeO3 and Sc2O3, is an anion-
deficient fluorite-type structure with scandium and iron
randomly distributed on the same sublattice,7 we also studied
the interdiffusion behavior between Sc and Fe oxide monolayers
by calculating the swap energy (Eswap, defined in the Supporting
Information). The interfacial Sc/Fe interdiffusion is found to be
thermodynamically favorable only when the second Fe
monolayer is the surface termination. Once another Sc-oxide
monolayer is deposited above that FeO layer, the interdiffusion
of Fe to either the top or bottom scandium layers is disfavored
and suppressed. This is counter to what has previously been seen
in Ruddlesden−Popper titanates,43 again suggesting the
importance of the variable oxidation state of Fe in this material.
To get a more general view of interdiffusion during the growth
process, we model diffusion in the bulk P63cm-phase ScFeO3.
The Eswap is always thermodynamically uphill (by >0.72 eV),
with a large kinetic barrier of ∼5.5 eV (shown in Figure S8c in
the Supporting Information). Thus, we obtained a negligible
interdiffusion rate of 8 × 10−15 s−1 based on the assumption of a
pre-exponential factor of A = 1 × 1013 s−1 and T = 1023 K. We
therefore conjecture that once relatively ordered ScFeO3 units
form, they are protected against Sc/Fe interdiffusion, regardless
of the specific growth substrate.

Finally, we studied the formation preference for metastable
P63cm phase compared with that of the ground-state bixbyite
phase using stromataxic alternating layer-by-layer growth. To
emulate the structure of the deposited films, layered bixbyite was
investigated instead of a randomly Sc/Fe populated structure
with fractional site occupancies (see Figures S9a and S9b in the
Supporting Information). A layered bixbyite configuration is
energetically unfavorable. While such a polar bonding network
(due to large out-of-plane separation between O atoms and the
metal cations) is favorable in an extended 3D structure, layer-by-
layer growth exposes each layer to a significant amount of
undercoordination. Because of the large out-of-plane separation
between Fe and O layers (in layered bixbyite), the under-
coordinated O layer relaxes inward, toward the FeO layer,
forming Sc−O bonds. Thus, the growing film attempting to
construct a layered bixbyite leads to a structure that is more
similar to the P63cm phase. Growth along the (222) direction of
layered bixbyite is also considered to match the experimental
results (Figure S9C in the Supporting Information). Although
such a direction is not as polar, growth of a layered bixbyite
structure incurs higher energy penalties. The layered bixbyite’s
surface energy is ∼1.28 J/m2, which is considerably larger than
0.87 J/m2, the surface energy of the metastable P63cm phase (see
details in the Supporting Information). The higher surface
energy is due to more interlayer Sc−O and Fe−O bonds (an
average of three interlayer bonds above each cation) in this
bixbyite phase, compared with that of P63cm phase (1 interlayer
bond above each Fe cation, 3−4 interlayer bonds above each
Sc). In bixbyite, the Sc and Fe are well-coordinated into
octahedra, making it the preferred thermodynamic ground state.
The P63cm phase is slightly less stable, perhaps due to the 5-fold
coordinated Fe triangular bipyramids, but this structure (only
one interlayer bond above Fe) makes it more favorable to grow
via the layer-by-layer deposition method. In addition to the
previous substrate-independent arguments, for the special case
of ScFeO3 on the Al-terminated Al2O3 (0001), the growth of
P63cm phase gets a boost due to the fact that the initially
deposited Sc2O3 monolayer and Al2O3 substrate share the same
hexagonal structure. Namely, Sc prefers the hollow sites above
the surfaceO atoms on the Al2O3 substrate, which is not possible
in a structure mimicking the bixbyite phase, in which Sc is
located at the bridge or top sites of the sublayer O atoms.
Equipped with a better understanding of the mechanisms

behind stromataxic growth, the next step is to determine the
general applicability of this layered stromataxy method. Because
stabilization comes from the layering in this method and not the
substrate-induced strain, layered growth is expected to stabilize
the hexagonal phase even on substrates that do not have a close
epitaxial fit. To vet this hypothesis, ScFeO3 was deposited via a
layered approach on substrates that all have a closer lattice
match to one of the five other physically realized ScFeO3
polymorphs.25 The one-dimensional plot of the a lattice
parameters of each of the substrates and polymorphs is
presented in Figure S10 in the Supporting Information. The
layered deposition results from this work, shown in Table 1, are
clearly different from the phases stabilized in previous work
using continuous deposition. The hexagonal P63cm phase was
stabilized on (111) YSZ, (111) Nb:STO, Fe2O3/metal/(111)
YSZ, (111) MgAl2O4, and (0001) sapphire. Figures 4a, 4b, and
4c show the XRD confirming the stabilization of the P63cm
phase on (111) MgAl2O4, (111) Nb:STO, and (111) YSZ,
respectively. The presence of the P63cm phase is corroborated by
the RHEED, shown in Figures 4 d, 4e, and 4f for the same films.
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The RHEED of films on (111) YSZ show clear 3′1
reconstructions for the hexagonal films.
Growth of the hexagonal phase on (111) YSZ is somewhat

surprising, because of (1) the much closer lattice match to the
ground state (6.6%mismatch to (222) bixbyite vs. 26.5% (0001)
P63cm); (2) the facile growth of (bixbyite-phase) Sc2O3 on
(111) YSZ (shown in Figure S2b); and (3) reports of
continuous growth on (111) YSZ leading to the ground
state.10 The (111) Nb:SrTiO3 substrates provide the closest
one-dimensional epitaxial fit of ∼3.5%. However, the stabiliza-
tion of hexagonal phase is not assured, because this substrate
provides a closer match to another predicted polymorph, the
Pnma phase. Layered growth on (111) SrTiO3 preferentially
stabilized the hexagonal phase, despite previous work that shows
the formation of the κ−Al2O3 type Pna21 phase under
continuous deposition.25 In that work, the presence of the κ-
Al2O3 structure was attributed to the similarities in structure
across the substrate film interface. It is also important to note
that the reported stoichiometry in the previous work was
Sc0.48Fe1.52O3, so this off-stoichiometry could also have played a
role in determining the grown phase, similar to what was
observed here with films with compositions beyond 10% iron
excess. Only films on (001) SrTiO3 did not show the hexagonal

phase under alternating-layer growth. However, overall, the
range of substrates upon which this P63cm phase can be grown
on using alternating layered growth is extended much further
than would be expected solely based on epitaxy.
Demonstrating the success of this growth approach on an

array of lattice-mismatched substrates supports the broad
applicability of a stromataxic approach. This also indicates
that, for some thin-filmmaterials, there are routes to stabilization
that can be completely independent of the substrate. It is
anticipated that an even wider range of substrates could be used
to grow the P63cm phase, and similar layered structures, using a
stromataxic approach. In addition, the case of the P63cm phase
on sapphire shows that there are other potential benefits
provided by the substrate beyond epitaxy, e.g., the relaxation of
the substrate surface into the film, leading to increased
stabilization of the initial scandium layers. Substrate selection
moving forward should look beyond lattice matching to the
benefits of other three-dimensional (3D) structural motifs and
larger minimum coincidence lattice matching with the film.
A stromataxic approach could be particularly useful for

targeting metastable polymorphs that are similar in energy to
other phases or difficult to differentiate from other phases by
epitaxial strain, alloying, or quenching. It could also allow for the
integration of materials into complex device architectures that
would otherwise be prohibitive, because of a lack of lattice-
matched substrate, or incompatibility of processing conditions.
Furthermore, stromataxy need not be limited to metastable
materials or MBE growth.44,45 For example, growth by atomic
layer deposition, where materials are often deposited at low
temperature, in discrete layers, from complex precursors, could
also be a viable route for the stromataxic stabilization of
metastable materials. Similar layered hexagonal and delafossite
materials are additional compounds where stromataxy could be
an effective means of accessing metastable structures.
Ultimately, any structure that can be differentiated by layering

Table 1. Comparison of the Phase Formation of ScFeO3 over
a Range of Different Substrates Using Continuous
Deposition (Previous Work) and Layered Deposition (This
Work)

substrate previous work this work

(111) SrTiO3 Pna21 P63cm
(111) YSZ Ia3 P63cm
(111) MgAl2O4 P63cm P63cm
(0001) Al2O3 P63cm P63cm
Fe2O3/Ir/(111) YSZ R3 c P63cm

Figure 4. (a−c) XRD of ScFeO3 films grown by layered deposition on (111) MgAl2O4 substrates (panel (a)), (111) Nb-doped SrTiO3 substrates
(panel (b)), and (111) yttria-stabilized zirconia (YSZ) substrates (panel (c)) showing that the hexagonal phase formation is broadly accessible and not
unique to a specific substrate. (d−f) RHEED of the same films shown in (111) MgAl2O4 substrates (panel (d)), (111) Nb-doped SrTiO3 substrates
(panel (e)), and (111) yttria-stabilized zirconia (YSZ) substrates (panel (f)).
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of the precursor geometry, through either deposition energy or
timing, could be a candidate for stromataxy.

■ CONCLUSION
In conclusion, the metastable P63cm phase of ScFeO3 was
stabilized using a stromataxic approach. Growth via discrete
layers stabilizes high-quality, phase-pure P63cm phase, while
continuous growth creates the ground state for the same
chemistry, temperature, pressure, and thickness. The ab initio
calculations point to the importance of having a variable
oxidation state, and layer stability (related to few dangling
bonds) during layer-by-layer growth, for the development of a
stromataxic response. These calculations also highlight the
importance of the interaction between the substrate and the
initial layers of growth in the stabilization of the phase. Using this
understanding, a stromataxic approach was engineered and
translated across an array of lattice-mismatched substrates,
which show the P63cm phase when deposited by layered growth
but have previously been shown to stabilize other phases in the
absence of layering. Overall, stromataxy is shown as a viable
option for accessing polymorphs that have similar energies, are
difficult to differentiate by strain, or lack a well epitaxially
matched substrate.
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