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ABSTRACT: Transition metal dioxides (BO2) exhibit a number of
polymorphic structures with distinct properties, but the isolation of
different polymorphs for a given composition is carried out using
trial and error experimentation. We present computational studies
of the relative stabilities and equations of state for six polymorphs
(anatase, brookite, rutile, columbite, pyrite, and fluorite) of five
different BO2 dioxides (B = Ti, V, Ru, Ir, and Sn). These properties
were computed in a consistent fashion using several exchange
correlation functionals within the density functional theory
formalism, and the effects of the different functionals are discussed
relative to their impact on predictive synthesis. We compare the computational results to prior observations of high-pressure
synthesis and epitaxial film growth and then use this discussion to predict new accessible polymorphs in the context of epitaxial
stabilization using isostructural substrates. For example, the relative stabilities of the columbite polymorph for VO2 and RuO2 are
similar to those of TiO2 and SnO2, the latter two of which have been previously stabilized as epitaxial films.

KEYWORDS: oxide polymorph, density functional theory, metastable, equation of state, epitaxial stabilization,
exchange correlation functional

1. INTRODUCTION

Oxides are technologically important materials for a wide range
of applications ranging from catalysis (including CO
oxidation1−4 and photocatalysis5,6), electrodes,7,8 sensors9,10

and electronic devices.11,12 Oxides often exhibit various
polymorphic structures, but not all are stable in ambient or
other easily accessible synthesis conditions. The metastable
polymorphs are the subject of considerable interest due to their
unique and sometimes superior chemical properties. TiO2, for
example, exists naturally in the rutile and anatase polymorphs
but anatase has significantly higher photocatalytic activity than
rutile.13,14 As another example, RuO2 in the modified fluorite
structure (only accessible at high pressures) has been found to
be very hard compared to the stable rutile polymorph.15,16 The
metastable VO2(B) polymorph has been recently shown to
exhibit improved electrochemical performance in lithium-ion
batteries compared to other well known vanadium poly-
morphs.17 Finding ways to synthesize specific polymorphs is of
great interest for applications, and isolating methods to realize
new polymorphs will open avenues for materials design.
The natural starting point for predicting which oxide

polymorph can be synthesized is to establish the relative
stabilities of all polymorphs at the synthesis conditions, where
the lowest energy phase will be thermodynamically preferred.
While it is well established that the kinetics required to form
different polymorphic structures from a specific precursor state
can often be manipulated to result in synthesis of metastable
phases, the relative stability of kinetically accessible phases

often fall within a fairly narrow range of energies. The relative
stabilities of polymorphs can be directly modified if they are
grown as thin films,18−20 where the interfacial energies between
the nucleus of different thin polymorph films and the substrate
can cause reordering in their relative stabilities. In the case of
TiO2, it is known that the (001) surfaces of single crystal
perovskites favor the growth of anatase, while (111) surfaces
favor the growth of rutile.21,22 For epitaxial stabilization, one
also expects that the interfacial energy differences can only
cause reordering of polymorphs within some energetic window,
and an empirically plausible energy window is on the order of
1−10 kJ/mol (described later), though the true bounds for any
given system are not well-known.
It is of great interest to expand the use of epitaxial

stabilization methods for the development of broader classes
of materials, such as complex structures or phases that do not
compete as the lowest energy phase in pressure or temperature
space, but still exist as local minima in free energy relative to
other phases. One example where epitaxial stabilization has
been successful in obtaining such a phase was in the synthesis
of the hexagonal polymorph of SmMnO3 which is stable (by 9
kJ/mol)23−25 at ambient pressure in the dense perovskite
polymorph. A new high-throughput structural characterization
method, combinatorial substrate epitaxy(CSE),26,27 that allows
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hundreds of film growth experiments to be carried out in
parallel on easily fabricated polycrystalline substrates, has
shown that such broad new classes of materials are accessible.
A new polymorphic form of Dy2Ti2O7 was found using CSE
methods,27 while single crystal approaches failed owing to
kinetic barriers to accessing the lowest energy state.28 The
parallel nature of CSE also allowed enough observations to be
made to demonstrate only a few competitive orientation
relationships (ORs) actually exist between film-substrate pairs
(regardless of substrate surface orientation), including for TiO2,
Fe2O3,

29 and Ca3Co4O9.
30 Though only one OR was observed

per polymorph using CSE, phase stability of TiO2 on BaTiO3
and BiFeO3 was orientation dependent: epitaxial anatase
(rutile) was stable nearby to (far away from) (001)-oriented
BiFeO3.

26,31 Even though CSE is faster and less onerous than
single crystal methods, the identification of potential synthesis
candidates and the selection of suitable substrates and growth
conditions is carried out by trial and error.
It would be beneficial to know which polymorphs are

energetically close in stability, because these might be good
candidates for epitaxial stabilization. Unfortunately, this
information is difficult to come by experimentally. However,
computations can be used to rapidly explore composition and
structure space so that materials with desired properties can be
identified and designed. This is a much used approach in the
area of high-pressure research, where computational methods
have been used to understand and predict materials stability as
a function of pressure for many BO2 oxides.

32−34 In such work,
the internal or free energies of competing polymorphs are
computed versus volume, and this is used to rationalize
synthetic procedures to obtain appropriate thermodynamic
conditions for polymorph stability inversion. The same tools
used in high-pressure phase exploration are applicable in the
field of thin film growth. Simply generating libraries of
formation energies for specific polymorphs helps guide the
experimentalist towards high-probability targets based on the
accessible range of interfacial energies that modify polymorph
stability during growth (discussed in detail later).19,24,25,27,35

The principle idea is that polymorphs that are energetically
close to the most stable state (i.e., within some energy window)
are probable candidates for epitaxial stabilization. What is
needed then are libraries of the relative stabilities of oxide
polymorphs, which can be generated computationally. While
other studies have compared the relative stabilities of different
oxide polymorphs, the focus of these studies has been either the
study of physical properties or the prediction of potential high
pressure phases. Materials Genome approaches, like the
Materials Project,36 can also be used to compare relative
stability of some polymorphs, but the current database does not
contain all polymorphs of each oxide. In addition, the database
does not currently include relevant information, such as the
equation of state or the bulk modulus, which can be used in
simple free energy models to estimate relative stabilities at
higher pressure and temperature.37

In this work, we have considered the anatase, rutile, brookite,
columbite, fluorite, and pyrite polymorphs of five different BO2
oxides: TiO2, VO2, RuO2, IrO2, and SnO2. The equations of
state and relative stabilities have been computed using several
exchange-correlation functionals within the density functional
theory formalism. The set of data calculated in this work has
substantial value beyond simply estimating relative stability.
Trends in stability or band structures may be deduced, elastic
properties can be estimated, and the structures may serve as

starting points for other types of calculations in the future. For
example, substrate-film interfacial energies and film surface
energies can be computed in order to produce a complete
picture of epitaxial stabilization. Volumetric free energies can
also be used to study phase behavior at higher pressures and
temperatures.37 To facilitate maximal availability of this data,
JSON (JavaScript Object Notation) libraries containing
information such as volumes, energies, unit cell parameters,
etc., as well as all of the computational parameters used for the
calculations have been included in the Supporting Informa-
tion38 associated with this work along with examples of using
this data.
The rest of this paper is organized as follows. In section 2,

the technical details of the first principles calculations and
methodology applied have been outlined. In section 3, the
results are presented and discussed, with a particular focus on
describing an energetic window of opportunity for epitaxial
stabilization of new compounds. Finally, in section 4, the
conclusions of the work have been provided.

2. METHODS
The DFT-based first-principles calculations were performed using the
Vienna ab initio simulation package (VASP)39,40 using the projector-
augmented wave pseudopotentials.41,42 The exchange correlation
functionals used were the local gradient approximation (LDA),43

and three different generalized gradient approximations: PBE,44,45

PBEsol,46 and AM05.47,48 To obtain high precision the plane wave
cutoff energy was set to be 520 eV. For the Brillouin zone sampling, a
k-point convergence study was performed for all polymorphs of all
oxides to reach an energy convergence of 10 meV per formula unit.
The Monkhorst−Pack k-point grids49 used for the different structures
are described in the Supporting Information.38

Geometry optimization was performed in a three step process. In
the first step, an appropriate range of volumes was found at constant
shape and relaxed ions. In step two, the atom positions were allowed
to change at a series of fixed volumes. At this point, the internal
energies and volumes for each structure were fit to the Birch−
Murnaghan equation of state50 to determine the equilibrium volume
and bulk modulus. A final calculation was done near the minimum
energy from step two, allowing the volume also to change to get the
equilibrium unit cell parameters. The relative stabilities of each
polymorph were evaluated at the equilibrium volume each polymorph.

3. RESULTS AND DISCUSSION

Before analyzing individual polymorphs in greater detail, we
discuss general trends in stability, how our data compares to
literature and how the choice of exchange-correlation functional
affects our results. In Figures 3−7, discussed in detail later, the
equilibrium energies of the polymorphs for each oxide have
been plotted. In general, it is seen that rutile is the lowest
energy polymorph for all oxides, with the exception of TiO2.
There has been much debate about the most stable ambient
condition TiO2 polymorph, and this will be discussed in greater
detail in section 3.1. The volume per formula unit is generally
seen to vary as fluorite < pyrite < columbite < rutile < brookite
< anatase. The bulk modulus generally has an inverse relation
to volume shown in Figure 1. The scatter in the B(V)
relationship arises both from variations owing to the specific
functional used and differences in bonding across compositions.
Anatase and brookite VO2 polymorphs are observed to be
outliers to the linear trend. Possible reasons have been
discussed in section 3.2. A comparison of some of the
calculated volumes and bulk moduli to other experimental
and theoretical results has been made in Tables 1 and 2.
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The exchange-correlation functionals show the expected
behavior, with LDA underestimating the volume and PBE
overestimating the volume (see Figure 2). The AM05 and
PBEsol volumes are very similar and lie between those for LDA
and PBE. We have found that AM05 and PBEsol volumes most
closely resemble experimental values. The choice of functional
also affects the relative stability. This effect is less pronounced
for polymorphs of similar volume as compared to polymorphs
with largely differing volumes, in which case there is more
variation in the relative energies across functionals (seen in
Figures 3−7). For predictive synthesis, the variation across
functionals can be used to put bounds on the maximum and

minimum energy differences required for epitaxial stabilization
to be successful.
Polymorphs close in energy to the lowest energy polymorph

are targets for epitaxial synthesis, and compositions that exhibit
narrow energy landscapes for multiple polymorphs, such as
TiO2, are ideal candidates for epitaxial stabilization. Using a
simple model to describe the energy difference between thin
layers of two phases, we can estimate the range of stabilities
accessible in epitaxial stabilization.
In free energy terms, the difference of interest is the

difference in formation energy between the two polymorphs as
thin films: ΔGpoly,films. This can be expressed as24,35

γ γΔ = ΔΔ + Δ + Δ + ΔG V G V w A AVpoly,films ,bulk sub/film surf
(1)

where V (A) is the volume (area) of the film (assuming flat
surfaces), ΔΔGV,bulk is the difference in the volumetric bulk
formation energy, Δw is the volumetric strain energy difference
between the polymorph films, and γsub/film (γsurf) is the specific
film/substrate (film/vapor) interfacial energy. In the most
robust versions of epitaxial stabilization, where polymorphs are
stabilized via interfacial energies, the two largest terms in eq 1
are VΔΔGV,bulk and AΔγsub/film. To find a reasonable bound in
energies to compare with DFT values, one can discard the
negligible terms, let ΔGpoly,films equal zero, convert the
volumetric energy to a molar formation energy (ΔΔGm,bulk),
and rearrange terms in eq 1 to yield

γΔΔ =G V N t( )/m,bulk sub/film F A (2)

where t is the film thickness, VF is the volume per formula unit
(assuming the differences are negligible), and NA is Avogadro’s
number.
By tailoring the interface energy to be low (ideally zero) for

the targeted metastable phase versus the competitive stable
phase, one captures thin nuclei thermodynamically when
ΔΔGm,bulk is less than that described in eq 2. A typical dioxide
formula unit volume is 30 Å3 (see Table 1), a typical nucleation
layer is on the order of 1 nm thick (a few formula unit
monolayers), and incoherent (coherent) interfacial energies for
a stable (metastable) phase are on the order of 1 (0) J/m2.
Plugging these values into eq 2, one finds that ΔΔGm,bulk ≈ 18
kJ/mol. This simple model indicates that a reasonable target
window of DFT relative polymorph stabilities is on the order of
10−20 kJ/mol. Some examples are described later, but the
SmMnO3 work described previously had experimentally
determined energy differences of ΔΔGm,bulk ≈ 9 kJ/mol, and
was only isolated using an isostructural substrate. This
observation indicates that 10−20 kJ/mol is a reasonable
energetic target window to begin the discussion of epitaxial
stabilization, as long as isostructural substrates can be found,
which the CSE methodology affords. The absolute window will
vary with phase competition, obviously, since the value of
γsub/film will vary with polymorph structures and their preferred
orientations with the specific substrate. We note that the
computational results yield 0 K values of internal energies,
while the difference of interest is the synthesis temperature free
energy value. In this initial work, we propose that the 0 K values
of internal energies are a reasonable starting point for synthetic
guidance, though the absolute window will also vary based on
how the free energy differences vary with temperature.

3.1. TiO2. Rutile, anatase, and brookite are the naturally
occurring polymorphs61−63 of TiO2, with columbite (often
called TiO2−II) occurring as the first high pressure phase.64,65

Figure 1. Dependence of bulk modulus on volume for all the
polymorphs and compositions considered in this work. Results from
all of the exchange-correlation functionals are included in this figure.

Table 1. Comparison of a Few Calculated Volumes to
Theoretical and Experimental Values

oxide polymorph
V (Å3/f.u.) (this

work)
V (Å3/f.u.)
(theory)

V (Å3/f.u.)
(expt)

TiO2 rutile 31.22 (PBEsol) 31.2051

31.2152

32.11 (PBE) 31.71 (PW91)53

anatase 34.25 (PBEsol) 34.1752

35.13 (PBE) 34.77 (PW91)53

columbite 30.64 (PBEsol) 30.5954

31.51 (PBE) 31.18 (PW91)53

pyrite 28.56 (PBEsol)
29.36 (PBE) 29.07 (PW91)53

fluorite 27.30 (PBEsol)
28.15 (PBE) 27.94 (PW91)53

VO2 rutile 29.52 (PBE) 29.691 (PBE)55

RuO2 rutile 31.37 (PBEsol) 31.3251

IrO2 rutile 31.19 (LDA) 31.14 (LDA)56

32.77 (PBE) 32.89 (GGA)56

columbite 30.71 (LDA) 30.68 (LDA)56

32.46 (PBE) 32.57 (GGA)56

pyrite 28.42 (LDA) 28.40 (LDA)56

29.90 (PBE) 30.01 (GGA)56 29.9657

SnO2 rutile 36.48 (PBEsol) 35.7351

columbite 35.72 (PBEsol) 35.2658

pyrite 33.40 (PBEsol) 32.6559
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Thermodynamic studies62,66−68 have shown that rutile is the
most stable TiO2 polymorph under ambient conditions. Other
studies have reported that the generation of anatase is stabilized
kinetically at lower temperatures and smaller particle sizes.69−71

The equilibrium energy versus volume has been plotted for
all polymorphs across all functionals in Figure 3 with rutile in
each functional as the energy zero. The anatase, brookite, rutile,
and columbite phases have been found to be almost identical in
energy with all of them lying within a maximum of 8 kJ/mol of
each other. For the LDA functionals the order of stability has
been found to be columbite > brookite > anatase > rutile >
pyrite > fluorite. For the GGA functionals, the order is anatase
> brookite > columbite > rutile > pyrite > fluorite. Anatase is
observed to be more stable than rutile, similar to other
theoretical works.72−74 To produce better agreement with

experiments, corrections in the form of zero-point energies68 or
DFT+U methods74 may have to be considered. The peculiar
position of the columbite phase has also been resolved to an
extent by Arroyo-de Dompablo et al.74 for GGA functionals
over a small range of values of the U parameter.
While our results do not address the uncertainty regarding

the exact ordering of phase stabilities, they are relevant from a
predictive synthesis standpoint. The extremely small energy
differences indicate that the phase stability of these polymorphs
would be very sensitive to slight changes in synthesis conditions
such as pressure, temperature, lattice stresses, etc. This is
evidenced by the fact that rutile and anatase can be grown

Table 2. Comparison of a Few Calculated Bulk Moduli to Theoretical and Experimental Values

oxide polymorph bulk modulus (GPa) (this work) bulk modulus (GPa) (theory) bulk modulus (GPa) (expt)

TiO2 rutile 239.76 (PBEsol) 222, 21151,52

215.78 (PBE) 211 (PW91)53

anatase 178.71 (PBEsol) 17952

171.42 (PBE) 189 (PW91)53

columbite 233.23 (PBEsol) 26054

207.59 (PBE) 207 (PW91)53

pyrite 268.58 (PBE) 250 (PW91)53

fluorite 270.33 (PBE) 254 (PW91)53

VO2 rutile 243.10 (PBE) 248.5 (PBE)55

RuO2 rutile 309.10 (LDA) 299, 297 (LDA)16,60

288.43 (PBEsol) 27051

259.90 (PBE) 249 (GGA)16

pyrite 348.28 (LDA) 346, 339 (LDA)16,60

290.61 (PBE) 299 (GGA)16

fluorite 364.30 (LDA) 351, 345 (LDA)16,60

338.06 (PBEsol) 39915

299.77 (PBE) 297 (GGA)16

IrO2 rutile 319.80 (LDA) 314.5 (LDA)56

rutile 270.36 (PBE) 266.0 (GGA)56

columbite 257.56 (LDA) 258.7 (LDA)56

columbite 227.07 (PBE) 231.0 (GGA)56

pyrite 359.14 (LDA) 352.7 (LDA)56

pyrite 301.47 (PBE) 297.1 (GGA)56 30657

SnO2 rutile 197.04 (PBEsol) 205, 22458,51

columbite 183.81 (PBEsol) 20858

pyrite 241.87 (LDA) 261, 25258,59

Figure 2. Parity plot of LDA and PBE volumes for all polymorphs of
all oxides. The LDA volumes are all observed to be smaller than the
PBE volumes.

Figure 3. Relative stabilities for TiO2 polymorphs.
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epitaxially,21,22,31,75,76 where the substrate controls the for-
mation of a specific phase. Our results indicate that columbite
and brookite polymorphs should also be possible to stabilize via
epitaxial stabilization, if a suitable substrate can be found. It is
known that synthesis conditions can be tailored in atomic layer
deposition (ALD) to generate columbite rich TiO2 films, in
direct competition with both the anatase and rutile
polymorphs.77,78 Additionally, brookite-rich TiO2 films were
fabricated with pulsed laser deposition (PLD) by modifying
kinetics from those found to stabilize anatase or rutile.79

Recently, Tarre et al. showed that epitaxy modified phase
fractions in ALD TiO2 films, where epitaxial columbite was
observed (in the temperature range of 425−475°C) in films on
c-sapphire (001) but not on r-sapphire(012), in otherwise
identical conditions.80

The absence of commercially available substrates that are
isostructural with the metastable columbite, brookite, and
anatase structures (which would lead to near zero values of
γsub/film for the metastable phases) limit our understanding as to
what extent epitaxial stabilization can be used to direct the
synthesis of each of these four polymorphs or over which
thermodynamic conditions (temperature and pressure) the
different phases compete. Further experimental and computa-
tional investigations are needed to unravel these questions.
Nevertheless, these prior observations in film growth clearly
indicate that significant room exists for epitaxial stabilization.
Fluorite and pyrite are known to exist in high pressure

synthesis, however their relative stabilities with respect to each
other vary significantly with the functional used. For the LDA
functionals, the energy differences are such that we predict
epitaxial driving forces (which is possible using solid phase
epitaxy) would considerably influence the phase competition at
elevated pressures but less so considering the GGA functionals
(as the volumetric energy differences would dominate
interfacial energy contributions).
3.2. VO2. Vanadium dioxide exists in a large number of

polymorphic phases. These include three rutile-type VO2 (R),
monoclinic VO2 (M),81 and triclinic VO2(T),

82 which are
similarly structured and interconvertible on heating from 325 to
340 K. Several metastable polymorphs are also known, the most
common ones being VO2(A),

83 VO2(B),
84 and VO2(C).

85 Our
goal here is to compare the relative stability of other well-
known dioxide polymorphs to the stable rutile form of VO2, to
uncover potential targets for epitaxial stabilization. There are
few studies of VO2 polymorph stability in the phases discussed
here, as most investigations focus on the behavior of the
strongly correlated electrons in the known rutile-related phases
(R, M, and T) or ion insertion in the open structured
metastable phases. Vanadium oxides can adopt a wide range of
V:O ratios, resulting in many different phase competitions over
narrow changes in thermodynamic conditions. The vast
majority of high-pressure work has also focused on the
pressure-driven changes in the rutile-related phases (R, M,
and T).
The results shown in Figure 4 indicate that the relative

stability of pyrite and fluorite are considerably lower than the
same for TiO2. Columbite and brookite polymorphs have
similar equilibrium energies, around 6-8 kJ/mol more than the
rutile polymorph, while anatase is slightly less stable, between
12−16 kJ/mol more than rutile. The anatase results should be
interpreted with caution, as the PBE and the AM05 functionals
do not produce well-fit equations of state. Further, the volume
per formula unit for the anatase polymorph is seen to be quite

close to that of rutile VO2, which is unusual because anatase
generally has a higher volume than rutile for other oxides.
These calculations, which are seen as outliers in Figure 1, also
indicate that anatase has an unusually low bulk modulus. These
calculations were checked for errors, and repeated with
different PAW potentials, with similar results.38 Brookite also
shows similar behavior, though less pronounced. This might
mean that these polymorphs are unstable as bulk phases, but
could still be accessible as thin films under strain.
Recent studies on vanadia−titania catalysts indicate that

pseudomorphic growth of VO2 occurred on the (001) and
(101) surfaces of anatase TiO2,

86,87 though only for thicknesses
of a few atomic layers. In these studies, VO2 with a b lattice
constant of 3.78 Å has been observed, which is in agreement
with our observed b lattice constant of anatase VO2, 3.72 Å for
LDA, and 3.75 for PBEsol. A DFT study88 also indicated that
the epitaxial growth of anatase vanadium dioxide, resulting in
pseudomorphic VO2 films. The effect of non-stoichiometry, or
varying metal:oxygen ratios, on phase stability is outside the
scope of this work, though similar comparisons could be made
for varying degrees of non-stoichiometry.
Our results show that the brookite and columbite phases

should be accessible by epitaxy, particularly if the anatase
polymorph has indeed been stabilized as monolayers, because
they compete even better with rutile. The question for synthesis
by design is to bracket the relative energy range that can be
addressed. For example, it would appear that range for anatase
is on the order of 15−20 kJ/mol, depending on the functional,
which falls within our postulated target window. Similar to
SmMnO3, this could only be done on using isostructural
anatase TiO2 surfaces, owing to the large difference in relative
stability (for TiO2 polymorphs, which have smaller energy
differences, one can use non-isostructural surfaces of
commercially available crystals). In the case of brookite and
columbite polymorphs, much less is known. However,
columbite structured films have been successfully grown using
epitaxy for TiO2

80 and SnO2,
89−92 both on non-isostructural

single crystal substrates, which are not ideal for epitaxial
stabilization. For these two oxides, columbite is less than 3-5
kJ/mol less stable than rutile, while columbite VO2 is only
different by 6−8 kJ/mol. On the basis of these arguments,

Figure 4. Relative stabilities for VO2 polymorphs. The fluorite
polymorph lies outside the plotted range.
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columbite VO2 should be accessible using a proper substrate,
such as a columbite structured polycrystal using CSE. Since no
other brookite structured films are known to the authors,
except for TiO2, experiments do not help bracket expectations
using these 0 K energies. However, using 10−20 kJ/mol as a
window, one can postulate that brookite structured films VO2
should be attainable on certain substrates (such as brookite
TiO2).
3.3. RuO2. RuO2 is most commonly observed in the rutile

polymorph, and all reports for RuO2 films focus on and discuss
the rutile polymorph. It has also been previously reported that
RuO2 transforms from the rutile polymorph to an ortho-
rhombic CaCl2 type structure under pressure, before trans-
forming into a cubic polymorph. Initially the cubic polymorph
was believed to be fluorite-structured,93 but it has been
subsequently shown (experimentally and computationally) to
be a pyrite-type polymorph.15,16 Our results, shown in Figure 5,

also indicate that the pyrite polymorph is considerably more
stable than fluorite, by approximately 30 kJ/mol. Since fluorite
is more dense, it may be accessible under higher pressures than
those investigated; computational predictions place this
pressure between 70 and 100 GPa.16,60

Considering the slightly higher volume (i.e., lower pressure)
phases, there is no evidence in the literature of the columbite
polymorph being formed under pressure, though it is common
in other metal dioxides. This can be explained by comparing
the ground state energies of pyrite and columbite. It is seen
that, for the LDA and PBEsol functionals, the pyrite polymorph
is more stable than columbite, while the AM05 functional
results in very similar energies. Only results from the PBE
functional show that columbite is more stable. Under pressure,
however, pyrite will always be more stable in bulk than
columbite. At low pressures, the columbite polymorph is less
stable than rutile by approximately 13 kJ/mol for all functionals.
In section 3.2, we presented arguments that epitaxial columbite
phases have been formed on non-ideal substrates (corundum
and fluorite), overcoming at least 5 kJ/mol. Deposition of
RuO2 films on columbite structured under layers, such as α-
PbO2, MgNb2O6 and columbite SnO2, stand as an important
test on the utility of epitaxial stabilization to realize metastable
columbite films, as 13 kJ/mol is within our proposed 10 - 20

kJ/mol cut-off for the window of DFT energies that can be
overcome using epitaxy (the window depends on how the
energies actually vary with temperature, which we do not
know). In the prior work25 on epitaxially stabilized rare-earth
manganites, the experimental enthalpic energy differences at
800°C were approximately 10 kJ/mol, which is a reasonable
minimal cut-off to consider (with the free energy difference
being 9 kJ/mol).
Similar arguments hold for pyrite-structured RuO2, where the

range of relative energies are between 5 and 20 kJ/mol,
depending on the functional. There are few investigations on
epitaxially-stabilized pyrite polymorphs, so it is difficult to use
experimental benchmarks as discussed previously for anatase
and columbite. Nevertheless, pyrite-structured RuO2 is a good
candidate for epitaxial stabilization, as it has the lowest relative
energetic difference of all pyrite phases. Considering the more
open volume structures, brookite and anatase, the relative
energies are greater than 30 and 50 kJ/mol, respectively, as
compared to rutile. It seems unlikely that epitaxial stabilization
alone would stabilize them.

3.4. IrO2. Iridium oxide polymorphs show a similar trend in
relative stabilities to the ruthenium oxide polymorphs as a result
of the similar bonding character of Ru and Ir, however we find
that the relative stability of rutile against all other polymorphs is
greater for IrO2 than for RuO2 (see Figure 6). Under ambient

conditions IrO2 is known to adopt a rutile-type structure, to
which our findings correspond well. The pyrite and columbite
are the next two stable phases, with the order depending on the
functional, similar to those of RuO2. However, the columbite-
structured IrO2 phase is greater than 20 kJ/mol less stable than
rutile, and while the pyrite polymorph stability varies strongly
with functional it is greater than 18 kJ/mol. The brookite,
anatase, and fluorite (not shown) phases are very unstable
compared to rutile. The order of stability for IrO2 for the LDA,
PBEsol, and AM05 functionals is rutile > pyrite > columbite >
brookite > anatase > fluorite. For the PBE functional the
positions of columbite and pyrite are exchanged.
Similar to the RuO2 polymorphs, the lower ground state

energies of the pyrite polymorph compared to those of the
columbite polymorph suggest that the rutile phase will

Figure 5. Relative stabilities for RuO2 polymorphs.

Figure 6. Relative stabilities for IrO2 polymorphs. The anatase and
fluorite polymorphs lie outside the plotted energy range.
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transform to the pyrite phase directly under pressure without
forming the columbite phase. This is in agreement with
previous experimental findings,56,57 where rutile undergoes a
phase transition to pyrite at pressures of around 15 GPa. A clear
target for epitaxial stabilization would be the pyrite phase,
owing to its stability with respect to pressure. Also, should one
find that columbite-structured VO2 and RuO2 can be stabilized
via epitaxy, columbite IrO2 would be a natural extension to test
the limits of stability.
3.5. SnO2. The columbite, brookite, pyrite, and anatase

polymorphs all lie approximately within 20−30 kJ/mol (see
Figure 7) of the most stable polymorph, rutile. This is likely

within the feasible range for epitaxial synthesis. The columbite
polymorph only differs from the rutile polymorph by around 3
to 5 kJ/mol depending on the functional used. Several high-
pressure studies15,58,94−96 have reported a rutile-columbite
transition pressure of 12−21 GPa depending on the method.
The small difference also suggests that epitaxial stabilization
should be effective in the isolation of the columbite polymorph
for SnO2. Columbite SnO2 has been reported as an epitaxial
phase, with numerous studies showing that it can be grown as a
thin film.89−92,97 Neither the brookite nor the anatase phase
have been seen experimentally, although a recent theoretical
study98 reports an anatase structure with an a-lattice constant of
3.975 Å, similar to our result of 3.982 Å. Since the VO2 anatase
polymorph is difficult to stabilize beyond a few atomic layers, it
may be impossible to realize anatase SnO2, but it certainly
warrants investigation using epitaxy. Similarly, the brookite
phase lies near the edge of the postulated stability window,
warranting investigation using epitaxy.

4. CONCLUSIONS
We have studied the relative stability of the rutile, anatase,
columbite, brookite, pyrite and fluorite polymorphs of five
different transition metal oxides: TiO2, VO2, RuO2, IrO2, and
SnO2 with the goal to identify potential targets for epitaxial
synthesis. Typical values of BO2 volumes, film thicknesses and
interfacial energies indicate that 10-20 kJ/mol from the most
stable polymorph is a reasonable target window within which
epitaxial stabilization should be possible. Previously observed
epitaxially stabilized polymorphs like columbite and brookite

TiO2, anatase VO2, and columbite SnO2 have all been found to
lie within this energetic window. With this in mind, our results
show that there are many potential candidates for epitaxial
synthesis. We have found that the columbite and brookite
polymorphs of VO2 and the pyrite and columbite polymorphs
of RuO2 lie immediately within this window, and are thus prime
candidates for epitaxial synthesis. The pyrite and anatase
polymorphs of IrO2 and the brookite and anatase polymorphs
of SnO2 lie towards the edge of the postulated window and
should be considered as targets if synthesis efforts of the more
feasible candidates are successful. A full list of epitaxial and high
pressure targets is given in Table 3.

Thin film synthesis can be seen as an alternative or
complement to high pressure methods. It is especially
important where polymorphs cannot be accessible as stable
phases under pressure. For example, the columbite polymorph
of RuO2 is metastable over all pressure ranges, but may be
stabilized by epitaxy. Epitaxial stabilization can be used to
access polymorphs which have similar or higher volumes than
the stable ground state polymorph. It is not possible to
synthesize these polymorphs using high pressure compression.
Anatase VO2 is an example, having been successfully observed
as monolayers over anatase TiO2. Anatase SnO2 and brookite
polymorphs of VO2 and SnO2 are other high volume epitaxial
targets. Finally, we have found that pyrite RuO2 and IrO2,
generally considered high-pressure polymorphs, may also be
accessible as epitaxial phases.
Our results serve as a starting point for the accelerated

discovery of epitaxially stabilized oxide polymorphs. They can
be used to guide future efforts focused toward a more
comprehensive investigation of the identified growth candi-
dates. These would involve the inclusion of strain effects
induced by epitaxy, selection of appropriate substrates, the
estimation of the interfacial energy between the film and the
substrate, and the surface energy of the free surface. There are
still substantial challenges involved in the development of
epitaxial stabilization for the design of new materials, but initial
results merit further computational and experimental activity.
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Figure 7. Relative stabilities for SnO2 polymorphs.

Table 3. Potential Epitaxial and High Pressure Targets

oxide
ambient

polymorph epitaxial targets
high pressure

targets

TiO2 anatase, rutile columbite, brookite pyrite, fluorite
VO2 rutile columbite, brookite,

anatase
pyrite

RuO2 rutile pyrite, columbite pyrite, fluorite
IrO2 rutile pyrite, columbite pyrite
SnO2 rutile columbite, brookite,

anatase
pyrite, fluorite
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