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ABSTRACT

Following the recent successful synthesis and characterization of bulk SnTiOs3, its energy landscape was studied by means of density functional
theory, applying different exchange-correlation and hybrid functionals. Experimentally accessible structure candidates with composition
ABX; were identified by a database search and global exploration approach. Besides the common octahedral coordination of Ti, also fourfold
and fivefold coordination spheres emerged to be reasonable structural motifs. Among the predicted high-pressure modifications, the tetrago-
nal perovskite structure turned out to be stable at pressures between 11 GPa and 15 GPa. The possibility of a paraelectric-to-ferroelectric phase
transition of the tetragonal perovskite structure was investigated by modeling the phonon spectra and soft mode behavior. Despite substantial
long wavelength transverse optical mode softening, the predicted high c/a-ratio in tetragonal perovskite SnTiO3 inhibits the formation of a
spontaneous reversible polarization.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0029968

I. INTRODUCTION

Recently, we reported about the first successful synthesis and
the structural characterization of SnTiO; as a bulk material.' The
structure can be understood as a heavily stacking-faulted variant
of the expanded ilmenite-type structure, which was established by
high resolution transmission electron microscopy (HRTEM) and
X-ray powder diffraction (XRPD) investigations. The [a-TISbO3]-
type accounts for this expansion, yet also does not fully describe
the crystal structure of SnTiO3 because of a different stacking
sequence. Common to both structure types is the main structural
motif of honeycomb layers of edge-sharing BOs octahedra that
are decorated with A®" cations. In order to understand the sim-
ilarity between a-TISbO; (space group P31c) and ilmenite (space
group R3), it is helpful to employ the hexagonal setting of the lat-
ter space group. Both structures are of (pseudo-)layered character,
P31c (a-TISbO3) being a double and R3 (ilmenite) a triple layer cell,

respectively. The lone pair of both Tl and Sn in a-TISbO; and
SnTiOs, respectively, leads to an expansion into the stacking direc-
tion, which can be rationalized by the stereo-chemical activity of the
lone pair electrons and differentiates them from the actual ilmenite-
type structure. Therefore, SnTiO3 and FeTiO; are not strictly iso-
typic but can be classified as isopuntal. We also use the [FeTiOs]
notation where applicable but add an “e” to explicitly emphasize that
we mean the expanded ilmenite structure type. The weak out-of-
plane interaction in SnTiO3 induces stacking faults. To account for
these faults, SnTiO3 was described using five different polytype mod-
els that are also energetically quasi-identical’ on the level of density
functional theory (DFT).

Theoretical predictions on the most stable modification of
SnTiO; had been discussed by Parker et al.” and Hautier et al.>!
before there was any experimental evidence. According to Parker,’
the tetragonal perovskite structure with space group P4mm is the
ground state for SnTiOs, whereas Hautier’* predicted a distorted
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ilmenite-type structure to be the thermodynamically stable form.
It is, however, the perovskite-type structure of SnTiO; that is
intensively discussed as a promising lead-free ferroelectric material
among the solid state and materials science community, while nei-
ther the centrosymmetric e-[FeTiO3] nor the [FeTiOs]-type modifi-
cation of SnTiOj3 is expected to show polar distortions.”

Experimental work by Fix et al.'” has shown that also thin films
of SnTiO3 show a characteristic hexagonal diffraction pattern typi-
cal of the ilmenite-type structure. The lattice parameters of the thin
film material show a distortion (a # b) due to substrate induced
strain. The c-axis was determined to be 14.56 A, which is 2/3 of our
findings.! Despite the structural distortion, no ferroelectricity was
observed. Based on weak reflections in XRPD reciprocal space maps,
the authors further speculated about minor amounts of tetragonal
perovskite SnTiO3 present in the films.

Agarwal et al. and Chang et al.>'® even reported relaxor ferro-
electricity in SnTiO; films grown on Si substrates by atomic layer
deposition. They inferred to observe the presence of several crystal-
lite orientations of perovskite-like structures with different c/a and
a/b ratios. However, unambiguous conclusions concerning the crys-
tal structure could not be drawn. Indeed, in a recent report, Gardner
et al. revised their claims to have prepared perovskite-like SnTiO3
due to a misinterpretation of experimental data.'”

Recently, employing a low temperature flux-assisted method,
O’Donnell et al. synthesized a solid solution series of perovskite
type Ba;_xSnyTij—yZryOs."" The highest amount of Sn(Il) on the
A site is found in Bagy 4SngTig5Zr05TiOs. Studies on the ferroelec-
tric properties of these materials have not been reported yet.

The most prominent ferroelectrics'” among the large family
of perovskite materials’’ are Pb(Ti,Zr)O; and variants of BaTiOs.
Besides perovskites, the [LiNbOs]-type structures exhibit high
piezoelectric coefficients. Due to the center of inversion, compounds
that crystallize in an ilmenite-type structure have to be excluded
as candidate ferroelectrics. However, ABX3 ilmenite-type titanates
can be transformed into perovskite-type structures by applying high
pressure, as has been demonstrated for (Mg,Fe)TiO3,”! ZnTiO3,>%
and CdTiOs,” the latter showing a ferroelectric phase transition at
around 2 GPa and 600 °C. The phase transition to perovskite-type
structures was observed in germanates, stannates (CdSnO3), sili-
cates, and even vanadates (MnVO3).”>~?¢ In many cases, these phase
transitions cannot be stabilized at room temperature, where the
[LiNbOs]-type phase is obtained instead,”” which indeed has been
proven to be ferroelectric.’’ To rationalize the observed effects under
pressure, the Goldschmidt tolerance factor has been frequently used.
This method is, however, inconclusive since it requires the knowl-
edge of exact ionic radii, which, as already stated by Shannon,’" are
unreliable in the case of Sn** with reported values from 0.93 A to
1.18 A. If we nevertheless calculate a tolerance factor for SnTiO3,
it should lie in the range of 0.83-0.95, which typically corresponds
to a ground state structure of rhombohedrally or orthorhombically
distorted perovskites.

Lone pairs may induce, besides ferroelectricity, novel electronic
properties under high pressure. For example, disproportionation in
PbCrOs leads to an insulator-to-metal transition.”” Generally, mate-
rials containing lone pairs have been shown to exhibit interesting
anisotropic phase transitions.’***

In light of the new experimental results presented recently by
our group,’ in this work, we reexamined the energy landscape of the
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SnTiO3 system. More than 40 ABX3 structure types were modeled
at the ab initio level to identify experimentally accessible and pos-
sible ferroelectric modifications. Suitable structure candidates were
chosen by a database search and global exploration approach. We
predict two high-pressure modifications by equation of state (EoS)
calculations. Phonon spectra for the predicted structures are calcu-
lated in order to check for the dynamical stability. Electronic and
mechanical properties as well as viable ferroelectric phase transitions
of the most promising candidates were investigated in detail.

Il. METHODOLOGY

Structure optimization and total energy comparison for five
different polytypes derived from the ilmenite-type structure have
already been performed in our previous work.! The different stack-
ing variants used for the structure determination from powder
diffraction all exhibit very similar volumes per formula unit and dif-
fer in energy by at most 0.14 kJ mol™' depending on the functional
used for the modeling. These results are also employed in this work.

By evaluating all ABX3 structures from the inorganic crystal
structure database (ICSD) followed by local minimizations to iden-
tify kinetically stable candidate structures, a first overview of the
energy landscape can be obtained.

To go beyond these known structure types, a global search
routine—simulated annealing® —using a complex empirical poten-
tial as energy function as implemented in the G42+ code® was
employed. In order to obtain reliable results for Sn**, it was required
to use a dumbbell-like or puckered potential, which had already been
successfully employed in the prediction of Sn(II) compounds.”” The
results from the database search and the global exploration approach
were subsequently locally optimized at an ab initio level using the
CRYSTAL code.”**" While the symmetry was restricted to the space
group of the database structures, the models from the empirical
potential landscape search were optimized in space group P1 and
the real space group was determined afterward for the fully relaxed
models with the symmetry and space group identification algorithms
SFND*' and RGS** implemented in the KPLOT software,*’ which is
embedded in Endeavour.” In total, 44 structure types were mod-
eled at DFT and hybrid level for SnTiOs. A full list of the structure
models investigated is given in the supplementary material (Tables
S1-S3).

Energy vs volume curves were computed for all models, and
the obtained data points were fitted to a Birch-Murnaghan EoS.
The local optimizations on an ab initio level were performed within
the local density approximation (LDA™®), the generalized gradient
approximation (GGA-PBE'), and the hybrid functional HSE06,"
which contains 25% of the exact Fock exchange, as it is reason-
able to compare different functionals in order to gain better insight
in the quantitative validity of the results. We further compared
the obtained results for the tetragonal perovskite structure (space
group P4mm) with the GGA-based functionals (PBEsol and BI-
WC), which had been shown to perform well with ferroelectric
distortions** and especially in the context of super-tetragonality.*’

lll. RESULTS AND DISCUSSION

A. Structure models

As stated above, the experimentally observed structure can be
represented by five different stacking variants as determined from
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Rietveld refinement of powder diffraction data. The polytypes that
were denoted with AB, ABC, ACB, ABCB, and ABCACB contain the
prominent e-[FeTiOsz]-type structure (ABC) and the [a-TISbO3]-
type structure (AB). Since the energy minima and volume per for-
mula unit of the relaxed structures are almost identical (+0.1 kJ
mol™; AV: +0.3%) and all stacking variants can be derived from
AB and ABC, the present study focuses on the e-[FeTiO3] and
[a-TISbO3] polytypes when comparing the experimental structures
to the hypothetical structures. Among the (theoretical) structures
investigated, the major differences can be found in the coordina-
tion spheres of Ti, which includes the perovskite-derivatives with
(tilted/distorted) BX¢-octahedra and the silicate analogous struc-
tures with the tetrahedral B-site environment. To fully cover all
possible B-site coordination environments, even a somewhat exotic
fivefold coordination of B is modeled within the [HgVOs]-type. A
further differentiation can be made by comparing the different link-
ages of the polyhedra, which is corner-sharing in the perovskite-
derivatives, while it is edge-sharing in e-[FeTiO3] and [a-TISbOs3]
and face-sharing in the [BaNiOs]-type, for example. All applied
structure models are listed in Tables S1-S3. While the database
search approach remains primarily controlled by chemical intuition,
the predictive power of global structure searches has proven to be
quite high in the recent past.”"*! Employing ab initio DFT as an
energy function during the global search proved to be problematic
for the SnTiO3 system due to convergence problems, and therefore,
empirical potentials were used, which showed better performance.
While hundreds of structure candidates for SnTiO3; were found with
the global search routine, only three of them could actually be locally
optimized, again due to the convergence issues of the DFT code.
However, one of the converged structure candidates exhibits simi-
lar chains of edge sharing BX5 square pyramids as found in HgVOs3,
thus proving the method to be chemically viable.

B. Energy landscape

In agreement with the study by Hautier et al.,”* we find that the
experimentally determined structure, which is indeed more complex
than just ordinary e-[FeTiO3] and [a-TISbOs3] due to multiple stack-
ing faults, is lowest in energy and, therefore, was identified as the
most stable configuration for all applied functionals (HSE06 results
are shown in Fig. 1). Here, PBE and HSE06 follow qualitatively the
same trends, and LDA significantly differs in the magnitude of total
energies. Results obtained by HSE06 perfectly reproduced the exper-
imental lattice parameters a and c*. Therefore, in this work, we
present the HSE06-based results and only note the difference to LDA
where required. Among the structure models found for SnTiOs3,
the [PX-PbTiO3]°" structure type is energetically closest to the e-
[FeTiOs]- and the [a-TISbOs]-type. This structure consists of edge-
sharing one-dimensional octahedral TiOs chains (see Fig. 2) and has
been realized for PbTiO3 by hydrothermally treating slurries of sol-
uble lead and titanium precursors.”* This polymorph is predicted to
be less stable by only +24.1 kJ mol ™" and exhibits a lower cell volume
(67.46 A%) than the experimental one, thereby being energetically
closest to experimental SnTiOs.

Moreover, a structure with fivefold coordination of Ti, as
present, for example, in the [MgVOs]-type structure, is only
+30.1 k] mol™" higher in energy and exhibits the largest cell volume
within the probed structure types. The [MgVOs]-type structure is

scitation.org/journal/apm
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FIG. 1. Minima of energy vs volume plots of all modeled structure types for SnTiO3
(HSEO06 calculations).

built up from one-dimensional zigzag chains of edge-sharing TiOs
quadratic pyramids.

A model with the same fivefold Ti coordination but another
TiOs sublattice is found at +33.6 k] mol™! and 69.67 A* (SnTiO;-
mP10). This model with space group P2;/m (no. 11) was predicted
by the global search algorithm and features the same anionic double
pyramidal chains, which are present in the [HgVOs]-type, differing
only in the stacking of the chains. This quadratic pyramidal coordi-
nation of Ti is realized also in the layered K, Ti>Os that served as a
starting material when synthesizing SnTiOs." The actual [HgVOs]-
type is less favored for SnTiO3 by another +20.9 kJ mol ™. A tetrahe-
dral coordination of Ti such as the one found in the [MgSiOs]-type
model leads to a large cell volume of 80.53 A’ and is energeti-
cally shifted by already +41.3 k] mol™" above the e-[FeTiO3]- and
[a-TISbOs]-type.

The desired candidate, the tetragonal perovskite-type struc-
ture ([PbTiOs] with space group P4mmy), is only the sixth most
stable configuration for SnTiOs; with an energy difference of
+49.0 kJ mol ™" It features, however, a lower cell volume (66.60 A®),
suggesting a potential high-pressure transformation. Furthermore,
the orthorhombic (Pna2;), monoclinic (Cm, Cc), and triclinic ver-
sions of the perovskite-type structures converged to the same mini-
mum of the energy hypersurface with exactly the same structure and
symmetry (P4mm) within the error margin, indicating a large but
not very deep basin in the energy landscape. The [CaTaO,N]-type
structure (SG Pmc2;), which is also found at a lower cell volume
(63.06 A®), is another representative of the large family of ABX3
perovskites with only corner-sharing octahedra and is energetically
unfavorable by +54.5 k] mol~'. The most stable structure types dis-
cussed are summarized in Table I (a full summary for all functionals
is given in supplementary material, Tables S1-S3).

In materials with tolerance factors above ¢ = 0.8 and below t = 1,
often the [GdFeOs]-type structure (SG Pnma) is found to be the
ground state structure. For SnTiOs, however, we find Pnma to be
energetically destabilized by 97 kJ mol™", which is not uncommon
for oxides containing lone pairs.”>°
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ﬁi

+49.0 kJ mol”!

[CaTaO,N] (Pmc2,)
/l

+ 54.5 kJ mol!

VSV

+ 54.5 kJ mol!

FIG. 2. Most stable predicted structure types and respective total electronic energies from HSEQ6 calculations (Sn: gray, Ti: black, and O: red). Note that the actual
[HgVOs]-type structure crystallizes in space group P1, and the optimized SnTiO3-model results in P24/m.

Face-sharing of TiOs octahedra in SnTiO3 as modeled with the
[BaNiOs]-type is the least stable configuration of the probed struc-
tures (AE = +243.3 k] mol™!). The fact that most of the modeled
hypothetic structures indeed exhibit lower cell volumes than the
ground state SnTiO3 suggests the possibility of pressure induced
phase transitions. Therefore, all the E-V curves were fitted to equa-
tions of state and translated to AH vs p diagrams. Figure 3(b)
shows the full range of stable high-pressure configurations up to
20 GPa. Indeed, the e-[FeTiOs3]- and [a-TISbO3]-type SnTiO3 show
a phase transition to the tetragonal [PbTiOs]-perovskite type at
11 GPa, and a further transition from this tetragonal perovskite
to the [CaTaO,N]-type is predicted at 15 GPa. Both pressures can
routinely be realized in diamond anvil cells and even multi-anvil
setups, thus making the experimental realization of these struc-
tures a realistic scenario. Note that no further high-pressure phases
are predicted when increasing the pressure up to an extreme of
200 GPa.

In the following paragraph, we discuss the results of our pro-
posed high-pressure phase transitions with regard to earlier theoret-
ical work. Matar et al. predicted an a lattice parameter of 3.80 A for

the [PbTiOs3] phase and a c/a ratio of 1.09 based on LDA calcula-
tions.'* Parker et al. arrived at slightly larger c/a ratios of 1.13 (LDA)
and 1.15 (WC-GGA).” The choice of the functional for reproducing
experimental ¢/a values for tetragonal perovskites was intensively
discussed for PbTiOj3 in Refs. 48 and 57. While LDA underestimates
the c/a ratio, PBE and PBEQ overestimate it. The GGA of Wu and
Cohen (WC-GGA), which had been applied to SnTiO3 by Parker
et al.,” as well as the improved PBE for solids (PBEsol), is in better
agreement with the experimental values. Bilc et al. proposed the use
of the alternative B1-WC functional that mixes the exact exchange
with the WC-GGA."® This hybrid functional results in an accu-
rate description of both the structural and electronic properties of
PbTiOs. In addition to LDA, PBE, and HSE06, we further applied
the PBEsol, HSEsol, and B1-WC functionals to PbTiO3 and SnTiO;
in SG P4mm to examine the validity of our results (see Tables S11
and S12). The hybrid GGAs PBEsol, HSEsol, and B1-WC predict
similar lattice parameters for PbTiO; and slightly underestimate the
tetragonality (see Table S11). The discrepancy for the ¢/g-ratio in
PbTiO3; between B1-WC (1.05) and HSE06 (1.14) is much larger
than for SnTiO3; (B1-WC: 1.17; HSE06: 1.21). Since both B1-WC

TABLE I. Energy difference to the most stable structure type and structural information (type, space group, volume per formula unit, and lattice parameters) for the most stable

predicted structures for SnTiO3 (HSEO06 calculations).

Type SG (no.) AE (k] mol™!) vzt (A a(A) b(A) c(A) B (deg)
e-[FeTiOs] R3 (148) 0.0 77.46 5.07 20.86

[a-TISbO;] P31c (163) 0.0 77.68 5.07 13.94

[PX-PbTiO3] 14/m (87) 24.1 71.77 12.36 3.76

[MgVOs] Cmc2, (36) 30.1 84.66 6.82 9.27 5.36

SnTiOs-mP10 P2y/m (11) 33.6 69.67

[MgSiOs] P21/c(14) 41.3 80.53 11.25 10.20 5.86 106.63
[PbTiO3] P4amm (99) 49.0 66.60 3.80 4.60

[CaTaO>N] Pmc2, (26) 54,5 65.47 7.45 5.85 6.02

opt.-[HgVOs] P2:/m (11) 54.5 67.61 7.74 3.73 4.68 89.99

APL Mater. 9, 021103 (2021); doi: 10.1063/5.0029968 9, 0211034
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FIG. 3. (a) Energy vs volume curves and (b) AH vs p plots (HSE06 calculations).

and PBEsol furnish a very high c/a-ratio, we can conclude that a rea-
sonable value for a potential [PbTiO3]-type SnTiO3 corresponds to
an unusually large distortion. The underestimation of the c/a ratio
for PbTiO; by B1-WC and the small difference of the latter to the
HSEO06 results for SnTiO3 make HSEO06 a reasonable functional for
the structural description of [PbTiOs]-type SnTiOs. However, the
functional for modeling a large number of unknown structure candi-
dates for the same chemical composition has to be chosen with care.
The starting point of our study—the structure of the only exper-
imentally known bulk representative of SnTiOs (e-[FeTiO3]-type
or [a-TISbOs]-type)—is perfectly reproduced with HSE06, which
makes this hybrid our functional of choice for the whole energy
landscape. Other perovskite-type compounds with extremely large
c/a ratios have been reported as so-called supertetragonal phases.*’
In particular, BiCoO3; and PbVO3; reach values of over 1.2 for the
c/a ratio. The consequence of the strong distortions in [PbTiOs3]-
type SnTiO; will be discussed in Sec. III C 2. The shortest Ti-O
distance in [PbTiO3]-type SnTiO3 obtained with HSE06 is 1.71 A
(BI-WC: 1.72 A) and the longest is 2.90 A (BI-WC: 2.72 A). In
contrast, PbTiO3 (SG P4mm) has, for example, Ti-O distances of
1.79 A and 2.36 A. The relaxed structure (HSE06) of the second
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predicted high-pressure phase [CaTaO;N] (SG Pmc2;) exhibits
shortest and longest Ti-O distances at 1.77 A and 2.82 A, respec-
tively, but still is more strongly distorted than tetragonal PbTiOs.
To check if these strong distortions remain within the dynamic
stability limits, both high-pressure phases were probed by calculat-
ing the phonon frequencies. Due to the very high computational
costs with the hybrid functionals, the phonon spectra shown here
(Fig. 4) were calculated at the PBE level. No physically relevant
imaginary frequencies were obtained for both the [PbTiO3]- and
[CaTaO;N]-type structures. Thus, realization of both phases by
application of high hydrostatic pressure indeed seems feasible.

C. Properties
1. Electronic band structures and bulk modulus

Band structure calculations with the hybrid functionals HSE06
(Fig. 5) and B1-WC characterize both predicted high-pressure
polymorphs as indirect gap semiconductors with slightly smaller
bandgaps compared to tetragonal PbTiO3 (PBE: 2.08 eV, expt. ~3 eV
taken from Refs. 58 and 59). The calculated values for both theoret-
ically predicted polymorphs of SnTiOs, 1.87 eV for the [PbTiOs]-
type (BI-WC: 1.70eV) and 1.95eV for the [CaTaO,N]-type (B1-
WC: 1.94eV), are very similar as expected due to a compara-
ble bonding situation. The band structure for the [PbTiOs]-type
SnTiO3 from Agarwal et al.” resembles the one presented in this
work. Although they used the same hybrid functional HSE06, a
slightly larger value of 2.175eV for the indirect bandgap is pre-
dicted. Furthermore, the fitted EoS allow for the determination of
bulk moduli By. The e-[FeTiOs]-type structure has a very small By
of 24.0 GPa, which is typical for materials with weak interlayer bond-
ing. In contrast, the bulk modulus of the first predicted HP-phase
([PbTiO3]-type) is 59.4 GPa, and the second HP-phase ([CaTaO,N]-
type) has a By of 82.9 GPa. This is reasonable since HP-polymorphs
are generally less compressible than the standard pressure
modifications.

2. Possible ferroelectricity

Within the family of perovskite titanates ATiO3, various mem-
bers are indeed ferroelectric (BaTiOs; and PbTiO;) or close to a
ferroelectric instability (SrTiO; and CaTiOs). In addition, mixed
crystals of the type A(B,B')O3 and (A,A")BO; may exhibit a ferro-
electric ground state and in many cases show better performances
than the undoped end members. It is quite generally agreed that
a true ferroelectric instability stems from the oxygen-B-site cation
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FIG. 4. Phonon dispersion relations of the (a) [PbTiO3]-type (P4mm) and (b)
[CaTaO,N]-type (Pmc24) SnTiO; (PBE calculations).
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FIG. 5. Electronic band structures of (a) [PbTiOs]-type and (b) [CaTaO,N]-type
SnTiO; (HSEO6 calculations).

dynamical covalency where the A-site ion plays a significant role if it
is involved through a lone pair.®” We prefer the oxygen-B-site atom
approach since in the revised lone pair model as elaborated in 2011
by Walsh et al.,°" it was shown that lone pairs cannot be regarded as
of pure cationic character but strongly incorporate/hybridize with
the anionic oxide lattice. This is very analogous to PbTiO3; where a
substantial contribution to the polarization has been shown to stem
from the oxygen-lead hybridized states.’” A characteristic signature
of a ferroelectric phase transition is the observation of the softening
of a long wavelength transverse optical (TO) mode, which freezes
out at the transition and determines the low temperature struc-
tural transformation. This is realized in both BaTiOs and PbTiO;
but is incomplete in SrTiO3 and CaTiOs due to quantum fluctu-
ations in the former and negative transition temperatures in the
latter. The modeling of mode softening in all compounds has been
performed within the polarizability model,” which is based on a
self-consistently derived double-well potential in the electron-ion
interaction. In order to explore possible ferroelectricity in [PbTiOs3]-
type SnTiOs, we use exactly the same model; however, due to the
lack of experimental data, this potential is taken to be the same as in
SrTiO;s (Fig. 6).

This choice is rather ambiguous but justifiable by the calcu-
lated a axis lattice parameter of [PbTiOs]-type SnTiOs, which is
closest to the one of SrTiOs. The A ion sublattice mass is replaced
by Sn, whereas all other parameters are taken to be identical. Upon
consideration of the hypothetical cubic structure type, a mode soft-
ening takes place in [PbTiOs]-type SnTiOs, which closely resem-
bles the one of SrTiO; with an extrapolated T. of 15K, slightly
smaller than the one of SrTiOsz (Fig. 7). Quantum fluctuations set
in around 35K and inhibit a true instability. However, since the
cubic structure is definitely not realized for SnTiOs, we included the
theoretically predicted tetragonal distortion for P4mm. For this, the
c/a ratio is artificially enlarged while keeping the cell volume con-
stant. All other parameters are identical to those in the undistorted
compound. By increasing the c/a ratio, the soft mode frequency is
stabilized, i.e., it adopts higher frequency values (as seen from the
steeper slopes in Fig. 7), thereby shifting the extrapolated transition
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FIG. 6. Comparison of the double-well potentials of [PbTiOs]-type SnTiO; as
obtained within the self-consistent phonon approximation (SPA) and from DFT
calculations. The double-well potential is plotted as a function of the polarizabil-
ity displacement coordinate w. The red (blue) color refers to the SnTiO;-related
potential as obtained from the SPA (DFT). For details, see Ref. 63.

temperatures into the negative temperature regime, strongly disfa-
voring any ferroelectric instability.

In addition, and as expected from the enlarged c/a ratio, the
dynamical relative Ti-O displacement w increases with the increas-
ing ¢/a ratio—however, not linearly, but increasingly nonlinearly
(Fig. 8), especially at high temperatures.

As indicated in Fig. 6 (dashed lines), even for the largest c/a
ratio and highest temperature, the displacements are too small to
escape the well to which they are confined. This observation implies
that a frozen-in multi-domain state appears in the tetragonal phase
where a switching between the two states by an electric field under
ambient conditions is highly unlikely. The appearance of a reversible
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FIG. 7. The squared soft mode frequency w%o(q = 0) as a function of temperature
for various c/a ratios as indicated. The thick lines are extrapolations of the linear
temperature regions indicating possible transition temperatures.

APL Mater. 9, 021103 (2021); doi: 10.1063/5.0029968
© Author(s) 2021

9, 021103-6


https://scitation.org/journal/apm

APL Materials

13—
— 300K
200K
1.1F— 100 K 1
— 5K
z
070
20.9r :
3
0.7t 1
0.5

1.00 1.25 150 175 2.00 225
cla

FIG. 8. Relative Ti-O displacement coordinate w as a function of the c/a ratio for
400K, 300K, 200K, 100K, and 5K.

spontaneous polarization must thus be excluded. Here, it is impor-
tant to emphasize that the observation of a polar space group is a
necessary criterion for ferroelectricity, but not a sufficient one. A
further requirement (see, e.g., the work of Lines and Glass®*) is the
reversibility of the spontaneous polarization, which in many polar
structure types is not realized. From the results, it must be con-
cluded that despite the possibility to have pronounced optical mode
softening in SnTiO3, even small tetragonal distortions rapidly sup-
press the appearance of a finite transition temperature. This is also
true for the cubic phase where an instability is, however, suppressed
by quantum fluctuations (nonzero w*ro at 0K). Possible applica-
tions of the predicted high-pressure phases of SnTiO3 are never-
theless feasible since a large dielectric constant is expected, espe-
cially in the cryogenic temperature region. It is important to note
that a number of unrealistic assumptions have been made in the
above modeling: the double-well potential of SrTiO3 has been used
for the self-consistent derivation of the temperature dependence
of the soft mode, a cubic structure has been taken as the starting
point, and model parameters identical to those employed for SrTiO3
have been used. Thus, these results have to be interpreted with
care.

IV. CONCLUSIONS

We have explored the energy landscape of the compound
SnTiO; and were able to confirm the earlier predictions that
the expanded ilmenite-type structure is the most stable phase.
We further predict two metastable high-pressure polymorphs: the
[PbTiOs]-type at pressures between 11 GPa and 15GPa and the
[CaTaO,N]-type above p = 15 GPa. The existence of the [PbTiOs]-
type and its potential as a possible ferroelectric material have been
intensively discussed in the literature. We predict a strong tetrag-
onal distortion of the perovskite structure for SnTiO3 as obtained
with various GGA based functionals. This large distortion prevents
a hypothetical tetragonal perovskite SnTiO3 from polarity switch-
ing and entering a ferroelectric state. Hence, the phonon mode
that describes the displacement of the Ti atom from the center of

ARTICLE scitation.org/journal/apm

its octahedral environment cannot freeze out and thus excludes a
ferroelectric instability.

SUPPLEMENTARY MATERIAL

See the supplementary material for further details on the DFT
calculations and for optimized structures and energies.
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