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ABSTRACT: High-pressure solid-state synthesis advances boost
discoveries of new materials and unusual phenomena but endures
stringent recipe conditions, poor yield, and high cost. A methodo-
logical approach for accelerated and precisely high-pressure synthesis is
therefore highly desired. Here, we take the exotic double-perovskite-
related nonmagnetic Li2B

+4B′+6O6 as an example to show the pipeline
of data-mining, high-throughput calculations, experimental realization,
and chemical interception of metastable phases. A total of 140
compounds in 7 polymorph categories were initially screened by the
convex hull, which left ∼50% candidates in chemical space on the
phase diagram of pressure-dependent polymorph evolution. Li2TiWO6
and Li2TiTeO6 were singled out for experimental testing according to
the predicted map of crystal structure, function, and synthesis
parameters. Computation on surface energy effect and interfacial chemical strain suggested that the as-made high-pressure R3-
Li2TiTeO6 polymorph cannot be intercepted below a critical nanoscale but can be stabilized in heterojunction film on a selected
compressive substrate at ambient pressure. The developed methodology is expected to accelerate the big-data-driven discovery of
generic chemical formula-based new materials beyond perovskites by high-pressure synthesis and shed light on the large-scale
stabilization of metastable phases under mild conditions.

1. INTRODUCTION

Precise prediction of the chemical composition, crystal
structure, physical properties, and corresponding preparation
parameters of new materials prior to their syntheses is of great
importance, especially for those with stringent recipe
conditions like high-pressure solid-state synthesis.1−7 To
date, high-throughput projects that integrate computational
and experimental data have accelerated actual materials
screening at reduced costs,8 as extensively applied in the
exploration of new multifunctional perovskites,9−11 including
dielectrics,12,13 ferroelectrics,14−16 piezochromism,17 photo-
voltaics,18,19 and magnetic materials.20,21 Perovskite is one of
the research hotspots in solid-state chemistry and materials
sciences, its diverse composition and flexible structures render
a rich portfolio of adopting ∼90% of the members in the
Periodic Table in known compounds.22−24 As for the
conventional ABX3 (simple) or A2BB′X6 (double) perovskite
structure, the small B- and B′-cations are octahedrally
coordinated to form the framework with the large A-cation
accommodated in 12-fold AX12 cages.

22,25 More than 23 000
compounds have been predicted in the conventional perovskite
pool by geometrical descriptors (Goldschmidt tolerance factor
t together with the new one-dimensional tolerance factor (τ ≤

4.18) criterion) with claimed accuracy up to 92%,23,26,27 in
which around 2300 compounds have been experimentally
observed in the Inorganic Crystal Structure Database
(ICSD).28 In contrast, the emergent exotic perovskite with
small A-site cations adds new dimensions and enhances the
quantum degree of freedom, such as room-temperature
multiferroics, colossal magnetoresistance, half-metallicity, and
superconductivity with enriched magnetoelectric inter-
plays.29−31 By theory, there are more than 13 000 compounds
in exotic perovskite family through geometrically confined
chemical navigation; however, only a very limited number (69)
of materials have been reported to date,32 leaving a vast
chemical space for the exploration of new materials. Exotic
perovskites are thermodynamically metastable at standard
temperature and pressure and mostly needed to be prepared
under high-pressure (HP) and high-temperature (HT)
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conditions, by which the metastable phase can be “frozen” by
temperature quenching at HP before slow decompression.
Unlike conventional perovskites, the geometrical descriptors t
and τ are either undistinguishable (t ∼ 0.7−0.8) or not
applicable (exceedingly larger than the critical value of τ ∼
4.18) and thus insufficient for acceptable prediction.23,26,27,33

The stringent and costly synthesis conditions and poor yield
(typically ∼20 mg each batch above 6 GPa) further hinder the
discoveries and applications of these appealing materials;
therefore, rational design and precise synthesis in an enlarged
scale are highly desired.
Experiment based first-principles density functional theory

(DFT) calculations, in light of the Murnaghan equation of
state for solid,34 explicitly pinpointed that the phase stability of
possible polymorphs can be well evaluated by pressure (P)-
dependent evolution of the relative enthalpy (ΔH) or total
energy (ΔE), as reported in nonmagnetic LiSbO3, ZnTiO3,
and ZnSnO3.

35−37 These findings advanced a new paradigm
for computationally assisted identification of new materials by
pressure-dependent ΔH calculations over all possible poly-
morphs in a high-throughput manner. For example, big-data-
driven high-throughput calculations (HTC) on exotic double-
perovskite-related A3TeO6 (A = Mg, Mg, Fe, Co, Ni, Cu, Zn)
successfully generated the polymorph-pressure diagram and
precisely singled out the HP magnetoelectric R3-Co3TeO6 for
experimental realization.38

Because most phase transitions that occur under HP are
reversible,39 retention of the HP phase to ambient pressure
(AP) has long been the focus of research. Although
temperature quenching at HP in HP-HT synthesis has been
widely applied to intercept the metastable phase to AP, the
poor yield (∼20 mg per run) hindered further practical
applications. Therefore, scaled-up preparation of the meta-
stable phase at ambient or lower pressure is highly desired.

Physical (mechanical) pressure effectively reduces the
interatomic distances and profoundly compresses the unit
cell dimension. Equivalent effect can be induced by chemical
pressure, namely, interfacial compressive strain (external
chemical pressure) or doping with smaller size ions (internal
chemical pressure).40,41 External chemical pressure has been
successfully applied to stabilize the metastable HP phase in
heterojunction thin-film form at AP.42−47 In addition, the
surface stress can also produce an effective pressure equivalent
to external compression as the size of particles decreases.
Therefore, metastable bulk-form HP polymorph could be
stabilized at nanoscale below a critical size when the surface
energy overwhelms bulk energy.48−53

Data-driven and computation-assisted approaches facilitate
significant savings in time and cost on HP-HT synthesis.
Sequential synthesis of metastable polymorphs by chemical
methods is then expected to boost cost-efficiency and large
yield for practical applications. However, the compositional
identification, precise prediction, and oriented interception
entangle full understanding of the possible polymorphs and
complicated multidimensional calculations of the chemical and
thermodynamic spaces; the metastable phase interception also
requires understanding of the multilateral relationship between
chemical and physical pressures to rate the experimental
limitation. Accordingly, a systematic methodology of HP solid-
state synthesis and intercepting metastable polymorphs in
chemical ways is highly anticipated, which still remains
exceedingly limited and challenging thus far. In this work, we
take the exotic perovskite-related nonmagnetic Li2B

+4B′+6O6 as
an example, to attentively assess the cationic ordering effect
and validate the development of methodologic strategy shown
in Figure 1: (1) Data-mining, (2) high-throughput calculations,
(3) experimental realization, and (4) chemically intercepting
metastable phases. Some compounds in the Li2B

4+B′6+O6

Figure 1. Methodologic workflow of high-pressure solid-state synthesis. (1) Data-mining: data-mining for a given generic chemical formula to dig
out possible polymorphs under confinement(s) such as geometric restraints (ionic radius, tolerance factor, distortion, tilting, etc.) and defined
characters (magnetism, spin−orbit coupling, charge balance, electron configuration, etc.), then execute a chemical screening to build initial models
for calculations. (2) High-throughput calculations: formation energy convex hull screening in Materials Project before released pressure-dependent
polymorph variation calculations to predict the crystal structure, physical properties, and synthesis parameters. (3) Experimental realization:
structure and function-oriented precise preparation and physical properties measurements to verify and optimize the calculation parameters for
enriched database and inverse design. (4) Chemically intercepting metastable phases: HP polymorph preparation at AP in a scale-up manner at a
reduced cost by chemical methods such as chemical pressure, spatial confined nanoparticles, and topotactic substitution.
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system have been experimentally validated,54−57 which makes
it easier for preliminary computational trial to examine and
verify the proposed methods.

2. METHODS AND EXPERIMENTS
2.1. Methods. DFT calculations were performed using the Vienna

Ab initio Simulation Package (VASP) and the projector-augmented-
wave method.58 Generalized gradient approximation (GGA)
implemented in the Perdew−Burke−Ernzerhof (PBE) method was
employed for crystal structural optimization.59 We used plane-wave
basis set with a cutoff energy of 700 eV. The Brillouin zone was
sampled using a 9 × 9 × 9 Γ-centered k-point mesh to produce
precise energy for the determination of the energy above the convex
hull (Ehull) of formation energy60,61 and Murnaghan equation of state
fitting.34 All of the forces were converged to 0.01 eV/Å. The initially
screened compounds by Ehull were optimized at a series of constant
volumes. The energy−volume (E−V) curves were fitted to the
Murnaghan equation of state
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where B0 is the bulk modulus at zero pressure, B′ is the first derivative
of B0 with respect to pressure P, E0 is the minimum energy, and V0 is
the volume at minimum energy. The pressure P, derived from the
combination of the thermodynamic eq 2

= −E T S P Vd d d (2)

where T is the temperature, and Murnaghan equation of state can be
described as eq 3

= − ∂
∂

=
′

−
′i

k
jjj

y
{
zzz

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ
i
k
jjj

y
{
zzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑ
P

E
V

B
B

V
V

1
S

B
0 0

(3)

The original definition of enthalpy is

= +H E PV (4)

which makes the enthalpy−pressure (H−P) function to be
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By comparing ΔH of structures at different pressures, it is thereby
possible to figure out the thermodynamically stable structures and the
corresponding synthesis parameters or transition points for target
phases.
The band structures of the thermodynamically stable compounds

were calculated using the HSE06 functional, to provide reasonable
accuracy of band gaps for solids.62 The Ni3TeO6-type structures were
optimized again with revised PBE for solids (PBEsol), which produces
equilibrium volumes and bond lengths more approximate to the
experimental values than those from PBE.63 The secondly optimized
structures were used to calculate the normalized bond valence sums
(BVS) of Li+, which were further fitted into the empirical linear
function proposed by Ye et al.64 to estimate the energy barrier
(Ebarrier) of ferroelectric reversal. The theoretical spontaneous
polarization (PS) of the polar structures were calculated by point
charge model.65

The Gibbs free energy (G) of a substance can be described as eq
652

γ= +G i G i V d i( ) ( ) (6 / ) ( )B m (6)

where GB is the Gibbs free energy of bulk, γ is the specific surface free
energy, Vm is the molar volume, d is the particle diameter, and i
represents the phase type.48,53,66,67 Equation 6 reveals that it is

possible to stabilize the bulk-form metastable phase in nanoscale
considering the contribution of significantly enlarged surface area.
The surface energy of Li2TiTeO6 (LTTO) was calculated with the
same parameters as applied in the aforementioned PBE structural
optimization. Slabs of 10−12 Å with relaxation layers of 1/3 thickness
of slabs were sufficient to be performed with structural optimizations
for γ calculations.68 After obtaining energies of various surfaces, the
thermodynamic equilibrium shape of a particle was constituted by
Wulff construction69 to calculate the average surface energy, which
were carried out in Wulffpack software.70

2.2. Experiments. The AP phase of LTTO was obtained by
conventional solid-state reaction using the following raw materials:
Li2CO3 (99.99%, MACKLIN), TiO2 (99.99%, MACKLIN), and
TeO2 (99.99%, MACKLIN). Stoichiometric amounts of Li2CO3,
TiO2, and TeO2 were ground to homogeneous mixtures. The powder
mixtures were heated up to 600 °C for 12 h in air to fully oxidize Te4+

into Te6+, following which the preannealed powders were successively
heated (heating rate of 5 °C/min) to 700 and 750 °C for 24 h with an
intermediate grinding. All of the above heating treatments were
followed by natural cooling to room temperature in the furnace. The
AP-synthesized LTTO was then imposed with the pressure of 6 GPa
at 850 °C for half an hour to obtain HP-LTTO. The mixture of
Li2WO4 and TiO2 was prepared by annealing stoichiometric Li2CO3,
TiO2, and WO3 at 600 and 700 °C for 12 h with an intermediate
grinding, successively. Li2TiWO6 (LTWO) was synthesized by
compressing and heating the preannealed Li2WO4 and TiO2 at 3
GPa and 1000 °C.

HP-LTTO was synthesized in a Walker-type Multi-Anvil
Press.71−73 The compression of Li2WO4 and TiO2 was performed
in a single-screw piston cylinder extruder produced by Rocktek.
Synchrotron powder X-ray diffraction (SPXD) data were collected at
Shanghai Synchrotron Radiation Facility (SSRF) with a wavelength of
0.68993 Å. The data were refined with the Rietveld method using the
TOPAS software package.74 Details data collection and Rietveld
refinement are presented in Table S1. Lab powder X-ray diffraction
(PXD) data were recorded on a Rigaku MiniFlex 600 equipped with
Cu-Kα tube (λ = 1.5418 Å at 40 kV and 15 mA). The differential
thermal analysis (DTA) of HP-LTTO was measured up to 800 °C
with a heating rate of 10 °C/min in air on an STA 449 F3 Jupiter
instrument. The second harmonic generation (SHG) intensities were
measured in transmission mode on dense pellets using XPL 1064-200.
The UV−vis spectra were recorded on a SHIMADZU, UV-2600. The
ferroelectricity was measured by a Precision Premier II (Radiant
Technology). The piezoelectric force microscopy (PFM) images were
recorded by a scanning probe microscope (Cypher, Asylum
Research). To improve PFM sensitivity, we adopted a dual-frequency
resonant-tracking technique (DART) provided by Asylum Research
Company.

3. RESULTS AND DISCUSSION

3.1. Data-Mining. Previous data-mining for exotic double-
perovskite-related A2BB′O6 and literature adopted six possible
polymorphs as initial structural models for calculations,38,75

from which the ordered-ilmenite (R3) structure was excluded
to simplify the computations since the ordered-ilmenite
structure is very rare in A2BB′O6.

57 Compared with the
Ni3TeO6 analogue (R3), the B and B′ sites in the ordered-
ilmenite structure are exchanged and can be written as
A2B′BO6. To the best of our knowledge, there are only two
ordered-ilmenite-type compounds known to date. Li2GeTeO6
is the only one that can be prepared at AP.57 The ordered-
ilmenite-type Mn2FeMoO6 cannot be directly prepared, but
comes from temperature-induced irreversible cationic rear-
rangement of the HP-made Ni3TeO6-type polymorph upon
heating at AP. The low-temperature cationic rearrangement in
Mn2FeMoO6 was believed to relate with the spin−spin
interaction and magnetoelastic effect.76 The omission of the
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ordered-ilmenite polymorph does not seem to diminish the
results and conclusions in A3TeO6, considering the large
charge difference between A2+ and Te6+ and hence the large
energy barrier for anti-site cationic exchange. When it comes to
Li2B

4+B′6+O6, the existence of Li2GeTeO6 and comparable size
and/or charge difference between B4+ and B′6+ require a
comprehensive consideration on cationic arrangement. There-
fore, all of the seven possible structural models for small A-site
A2BB′O6 known to date are applied to Li2B

4+B′6+O6 (Figure S1
in the Supporting Information).38,75

To predict the pressure-dependent polymorph evolution in a
given chemical ingredient, the key point is to calculate ΔH
variation of each initial structure model upon compressing.
The energy scale of ΔH is around 10−2−10−1 eV/atom in the
reported ΔH−P diagrams of exotic perovskites;35−37 therefore,
the factors (such as temperature and electron-phonon
interaction) whose contributions are more than 2 orders of
magnitude lower than the energy scale of ΔH can be ignored
compared with crystal field, Coulomb repulsion, and pressure
effects (10−1 to 101 eV).77,78 The influence of spin−spin
interaction (magnetic structure) and spin−orbit coupling
(SOC) on ΔH is somehow complicated. Calculations on
strong correlated systems such as 4d/5d transition metals
containing compounds involve quantum many-body comput-
ing and remain a challenge,79 so a feasible approach is to do
validation calculations on known exotic perovskites,30,31,80−82

to extract common features for inverse design, which is beyond
the topic of this work and will be investigated in the future.
Magnetic interaction has proven to be critical to determining
the ΔH−P phase diagram.38,75 However, it is by no means an
easy job to precisely predict the magnetic structure of an
unknown compound.2,83 Previous findings indicate that
calculations of ΔH using proposed colinear magnetic
structure(s) may introduce deviation from the real case;
nevertheless, it does not affect the overall predicted trend of

the ΔH−P phase diagram within the tolerance of error.38,75

Thus, in Li2B
4+B′6+O6, we only take the cationic arrangements

into account, and do not get any magnetic and/or late 4d/5d
cations at B/B′-site to avoid unexpected correlations.
Nonmagnetic and strong SOC metal-free exotic perovskite-

related Li2B
4+B′6+O6 enables suitable B

4+ site of Ge, Sn, Ti, Hf,
and Zr and those for B′6+ site of Te, Se, Mo, and W over the
chemical space restricted by charge balance and geometrical
confinement (0.7 < t < 0.9).84 With the combination of all
possible compositions, 20 Li2B

4+B′6+O6 (Table S2) were
designated to fit into the seven possible structural models
(Figure S1), generating 140 (20 × 7) possible compounds, in
which ordered-ilmenite-type Li2GeTeO6,

57 Pnn2-Li2GeTeO6
(prepared at 4 GPa), LTTO, Li2SnTeO6, and Ni3TeO6-type
Li2ZrTeO6 and Li2HfTeO6 have been reported, providing
experimental validation of upcoming calculations.

3.2. High-Throughput Calculations. As shown in Figure
1-(2), these chemically screened compounds were initially
calculated by DFT and preliminarily screened by Ehull for a
more predictive and affordable computing, where only the
compounds with Ehull lower than some thresholds are supposed
to be synthesizable.11,85,86 The compounds predicted to be
formable were further calculated on volume variations. The
resulting E−V curves were fitted by the Murnaghan equation
of state to obtain the relative ΔH−P relationship of various
polymorphs and stable decomposition products and thus
determine the formation pressures and pressure-dependent
phase evolutions. The physical properties, such as band gap
(Eg), PS, and Ebarrier of the predicted stable or metastable
compounds, were further evaluated. The experimental results
of selected compounds will inversely enrich the database and
guide and optimize the computational methods to produce
more accurate outputs in a self-consistent way.

3.2.1. Thermodynamic Screening. The formability of all
140 candidates in Li2BB′O6 was preliminarily evaluated by

Figure 2. HTC screening results and predicted physical properties. (a) Convex hull screening results, the formation energy of each Li2BB′O6 is
compared to those of all stable crystalline phase of the Li-B-B′-O phase diagram in Materials Project. (b) Pressure-dependent polymorph map
derived from ΔH−P phase diagrams. (c) Energy barriers of ferroelectric reversal of the predicted compounds and the reported experimental results
(uud and udu, where “u” stands for “up” and “d” stands for “down”, express the magnetic ordering in the primitive cell of Mn3WO6) in polar
corundum (R3c and R3) derivatives. (d) Theoretical spontaneous polarization. (e) Band gaps calculated by HSE06. In (b)−(e), Li2BB′O6 compounds are
labeled as BB′ and OIL and NTO stand for ordered-ilmenite and Ni3TeO6, respectively, for a concise view.
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energy distances of the most stable polymorph to the energy
convex hulls constituted by the stable compounds approved in
Materials Project.87 Li2BB′O6, as a quaternary system, is
considered to be synthesizable if Ehull < 56.3 meV/atom by Sun
et al.88 Detailed calculation results of the 20 Li2BB′O6 in the
space group of the lowest energy and the compounds on the
convex hull are listed in Table S2, where the cases with Ehull
lower than 56.3 meV/atom are highlighted as red. After the
above refinements, only compounds with W6+ and Te6+ in B′
sites are supposed to be synthesizable, while the others are too
far from the convex hulls to be synthesized as shown in Figure
2a. The compounds with Te6+ in B′ sites locate on or even
below the convex hulls for those with Zr4+ or Hf4+ in the B
sites, which implies that they are thermodynamically stable at
AP and 0 K and thus synthesizable, in good agreement with the
experimental observation.54−56 For compounds with W6+ in B′
sites, their Ehull values are less than 56.3 meV/atom, which
means that they are metastable at AP and 0 K but possible to
stabilize under certain conditions like HP or in nanoscale
particles below a critical dimension.
The stable and metastable phases screened by convex hulls

were further constrained with structural optimization in a
series of constant volumes and the Murnaghan equation of
state fittings to figure out their formation and phase transition
pressures.35,37 Figure 2b shows the predicted phase transitions
of the stable Li2B

4+TeO6 and metastable Li2B
4+WO6 between 0

and 25 GPa within the pressure range of our large volume
Multi-Anvil Press. The detailed phase formations and
transitions at various pressures are listed in Table S3. For
the stable Li2B

4+TeO6 compounds, Li2ZrTeO6 and Li2HfTeO6
adopt the same Ni3TeO6-type structure throughout the whole
pressure range of 0−25 GPa, while the others undergo phase
transitions (BB′ = GeTe, SnTe, TiTe) as pressure increases.
For examples, in LTTO, the Pnn2 phase is most stable below
5.7 GPa, above which the ΔH of R3 phase becomes lower than
that of Pnn2 and becomes the most stable phase up to 25 GPa.
The predicted R3 of ordered-ilmenite-to-Pnn2 transition of
Li2GeTeO6 around 4 GPa is in excellent agreement with
previous experimental results.56 To work out whether the
metastable Li2B

4+WO6 compounds are formable among the

given pressure range or not, the pressure-dependent ΔH
evolution between the targeted compounds in the seven
structural models and the stable decomposition compounds on
the convex hull along with the metastable phases were
compared in Figure S2 as exemplified by LTWO. Pressure-
dependent phase evolution of the mixture of Li2WO4 and TiO2
follows the route below: TiO2 (C2/m) + Li2WO4 (R3̅) →
TiO2 (I41/amd) + Li2WO4 (I41/amd) → TiO2 (Pbcn) +
Li2WO4 (I41/amd) → TiO2 (Pbcn) + Li2WO4 (C2/c) → TiO2
(P21/c) + Li2WO4 (C2/c). When the enthalpy sums of the
above mixture combinations were compared to those of
LTWO in different structures (Figure S2c), LTWO seems to
be synthesized over 3.3 GPa and adopt the Ni3TeO6-type
structure until 25 GPa. The other Li2B

4+WO6 compounds were
studied the same way. Figure 2b indicates that the P21/n-
Li2GeWO6 and Ni3TeO6-type LTWO arise over 24.6 and 3.3
GPa, respectively, while the other Li2B

4+WO6 compounds with
higher Ehull values are unlikely to be synthesizable below 25
GPa.

3.2.2. Physical Properties Prediction. The physical proper-
ties of the screened synthesizable compounds were sub-
sequently analyzed. The ferroelectric switching energy barrier
(Ebarrier) values for Ni3TeO6-type polymorphs were predicted
by point charge model,89 where the normalized BVS of A site
cations were calculated (Table S4) and fitted into the empirical
linear function as shown in Figure 2c and Table S5,64 where
the values of Li2ZrTeO6 and Li2HfTeO6 are quite approximate
to the experimental values. The predicted polar corundum
(R3c and R3)-based compounds are theoretically potential
ferroelectrics with switchable polarization except for Pnn2-
Li2SnTeO6, Ebarrier of which is higher than the maximum of the
experimentally verified compounds. Figure 2d shows the
theoretical polarization for polar structures, and the detailed
values are listed in Table S4. Figure 2e and Table S4 present
the Eg values calculated by HSE06. All of the screened
compounds are insulating, and the Eg value in the same
composition follows Pnn2 ∼ R3-Ni3TeO6 < R3-ordered-
ilmenite. The Pnn2 polymorphs have direct band gap, while
P21/n, R3- Ni3TeO6 and R3-ordered-ilmenite polymorphs have
indirect band gap. Both the AP and HP phases of LTTO have

Figure 3. Synthesis and property measurement results of HP-LTTO. (a) Structural refinement results of the HP-LTTO, red circles are observed
data, the black line represents the calculated result, blue ticks are peak positions, and the gray line is the difference. (b) P−E loops of AP and HP-
LTTO without observable ferroelectric switching. (c) PFM results on HP-LTTO showing no distinguishable domain switching.
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the same band gap of 4.0 eV, while the band gap of the HP
phase is indirect and that of the AP phase is direct. The
calculated Eg values of LTTO match well with the
experimental UV−vis adsorption spectra shown in Figure S3,
validating that HSE06 is suitable for calculating Eg for wide-gap
systems.
3.3. Experimental Validation. LTTO, which locates on

the convex hull, was predicted to undergo a phase transition
from Pnn2 to R3 around 5.7 GPa. LTWO with a small energy
distance to the convex hull lower than 56.3 meV/atom, was
taken with LTTO as examples to verify the calculation results
and hence provide detailed insights to optimize the structural
models and to improve the calculation accuracy for more
universal HTC.
3.3.1. Structural and Stability Analyses of AP- and HP-

LTTO. The as-synthesized AP-LTTO was examined with PXD
measurement as presented in Figure S5c, and no observable
impurities were found. The crystal structure of AP-LTTO
presented in Figure S4a adopts orthorhombic symmetry
(Pnn2) derived from LiSbO3, where the edge-sharing SbO6
octahedral chains construct ion aisles for the occupation of Li+

ions. As for AP-LTTO, the octahedral chains consist of
alternant edge-sharing TiO6 and TeO6.

55 Following the
workflow in Figure 1-(3), HP-HT synthesis of the nominated
LTTO at 6 GPa and 850 °C did yield an HP-R3 polymorph as
predicted in Figure 2b. The phase purity of HP-LTTO was
confirmed by laboratory PXD (Figure S5d). The crystal
structure of HP-LTTO was determined by Rietveld refine-
ments on SPXD data shown in Figure 3a and Table S6:
Ni3TeO6-type structure in the R3 space group with lattice
parameters of a = 5.06634(2) Å and c = 13.3560(10) Å. The
crystal structure of R3-LTTO consists of alternated stacking
honeycomb-like layers of LiO6 and TiO6-TeO6 octahedra
along the c-axis,90 being isostructural to the reported
Li2ZrTeO6 (inset of Figure 3a). There exists partial anti-site
disordering between Ti and Te, giving the structural formula of
Li2(Ti0.904(7)Te0.096(7))(Te0.88(17)Ti0.12(17))O6. The refinement

slightly deviates from the stoichiometry of Li2TiTeO6 because
of the volatility of the Te element.
Although most HP polymorphs are metastable at standard

temperature and pressure, the as-made R3-LTTO demon-
strates considerable thermal stability at AP. No drastic changes
in the heat and mass curves are observed till 750 °C in the
DTA curves of R3-LTTO (Figure S5a). The thermal resistance
to decay was further confirmed by variable-temperature PXD
results in Figure S5b, where the HP phase was maintained up
to 700 °C. As shown in Figure S5e, most diffraction peaks for
HP-LTTO after DTA measurement up to 800 °C can be
indexed to TiO2 (P42/mnm, ICSD-33838) and Li2TeO3 (C2/c,
ICSD-4317), which indicate decomposition instead of phase
transition. Therefore, the pressure-induced phase transition of
LTTO is irreversible upon heating at AP.

3.3.2. Synthesis of LTWO. As presented in Figure S6,
attempts to prepare a pure phase of LTWO at 3 GPa were
unsuccessful according to the prediction as shown in Figures
2a,b and S2. Instead, a mixture of P42/mnm TiO2

91 and
orthorhombic Li2WO4 phase,92 whose structure has not yet
been solved or included in common database like ICSD and
Material Project, was obtained. Considering whether LTWO
may be formed or not at higher pressure requires taking
orthorhombic Li2WO4 into account. Further investigation of
the structure of orthorhombic Li2WO4 is hence needed to
enrich the databases and enhance the calculation precision. On
the other hand, TiO2 and Li2WO4 experimentally underwent
pressure-dependent structural evolutions, respectively, instead
of forming other unexpected phases, which proves the
plausibility of the way that the formation pressure could be
predicted by evaluating the pressure-dependent enthalpy
evolution of the stable compounds located on the convex
hull, and the targeted metastable compound as well.

3.3.3. Electrical Properties of HP-R3-LTTO. SHG measure-
ments further corroborate the polar feature of LTTO, where
the AP Pnn2 phase exhibits a larger PS than that of the HP
polymorph as shown in Figure S7, well echoed with the

Figure 4. Prediction of chemical stabilization of HP-LTTO at ambient pressure. Surface energy calculation and Wulff construction results of (a)
AP-LTTO and (b) HP-LTTO. (c) Comparison of the chemical pressure by interfacial strain on different substrates in the ΔH−P phase diagram of
AP- and HP-LTTO. (d) Scheme of HP-LTTO (upper phase) stabilized by in-plane compressive strain produced by CaCO3 (lower phase), where
green, blue, brown, and yellow octahedra stand for LiO6, TiO6, TeO6, and CaO6 octahedra, and brown and red balls are C and O atoms,
respectively.
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calculated results in Table S4. The ferroelectric and PFM
measurements are shown in Figure 3b,c. Both the insulating
AP and HP phases are robust and did not break down even at
an electric field of 300 kV/cm. However, the polarization did
not saturate at the maximum electric field and thus no
ferroelectric reversal was observed. The PFM results do not
distinguish any ferroelectric domains in the polycrystalline
specimen either, in contrast to the ferroelectric switching
predicted in Figure 2c and Table S5. Further research on single
domain film or single crystal is expected to eliminate the grain
boundary effect in the future.
3.4. Metastable HP Phase Stabilization by Theory.

Data-mining, HTC, and experimental realization following
Figure 1-(1)−(3) successfully accelerated structure- and
function-oriented discoveries and precise preparation of new
compounds. The remaining key issue is to recover the HP
polymorph in a scaled-up manner at lower or AP for practical
applications. As enumerated in Figure 1-(4), several
approaches are possible. Chemical methods, such as external
(compressively interfacial strain/stress)42−47,93−96 and internal
(doping with smaller size ions, being equivalent to the
formation of a solid solution of the HP phase within adopted
(locally) isostructural matrix)97−100 chemical pressure ap-
proaches,40,41 and spatially confined nanoscale way (surface
energy effect), have been experimentally applied to achieve
large-scale metastable HP polymorphs at AP. Here, we take the
interception of R3-LTTO at AP as an example to calculate the
proper substrate/lattice orientation and critical size of
nanoparticles to guide future experimental work.
3.4.1. Spatial Confined Nanoscale by Surface Energy.

Turning bulk materials into nanoscale particles is a feasible way
to stabilize the metastable phases under gentle AP conditions
as outlined in eq 6.52 In nanoscale, the surface energy accounts
for a large proportion of the total energy originated from the
extremely enlarged surface area. If the surface energy of the
metastable phase is lower than that of the stable phase,
theoretically, the metastable phase will show up at a critical
particle size. Calculating surface energy of different poly-
morphs by DFT can help to figure out whether the surface
energy difference would overcome the bulk energy differences,
and hence turn the metastable phase to the stable one at the
nanoscale or not. For example, Fe2O3 and In2O3 have been
predicted to undergo phase transitions as particle size
decreases,101,102 in good agreement with the experimental
results.50,52 However, as presented in Figure 4a,b, the average
surface energy of R3-LTTO calculated following Wulff
construction is higher than that of the AP Pnn2 competitor,
suggesting that the HP polymorph is unable to be stabilized via
spatially confined nanoscale synthesis. Consequently, we may
resort to the other ways in Figure 1-(4) to retain the HP phase,
such as applying external chemical pressure in heterojunction
film form.
3.4.2. Chemical Pressure by Interfacial Strain. Metastable

phase could be stabilized as thin films by tensile or compressive
epitaxial strains, namely, chemical pressure produced by
interfacial stress.44,93,103−106 Here, we correlate the lattice
mismatch Δd (eq 7) with chemical pressure to stabilize the
Ni3TeO6-type LTTO along the (0001) orientation on suitable
substrates.

Δ =
−

×d
d d

d
100%substrate film

film (7)

where dsubstrate and dfilm are the lattice plane distance of
substrates and thin films of targeted compounds, respectively.
As shown in Table S7, we consider common (111)-oriented
cubic and (0001)-oriented trigonal and hexagonal substrates,
all of which adopt threefold in-plane symmetry corresponding
to that of (0001)-oriented R3-LTTO. For cubic substrates, the
trigonal LTTO was first transformed to pseudocubic
representation107 to calculate the lattice mismatch. The in-
plane (22̅0) distance of pseudocubic LTTO at the equilibrium
state was compared to (nn̅0) distances of cubic substrates. For
trigonal and hexagonal substrates, the in-plane (101̅0) R3-
LTTO was directly compared to those of substrates. The
detailed comparison results are shown in Table S7. Figure 4c
presents the ΔH−P phase diagram of R3- and Pnn2-LTTO
generated by lattice volume variation around ±25 GPa. As
shown in Figures 2b, 3a, and 4c, Pnn2-LTTO will transform to
the Ni3TeO6-type structure over 5.7 GPa. Among all of the
substrates in Table S7, only the corresponding lattice of
CaCO3 (R3̅c) can generate compressive chemical pressure
higher than 5.7 GPa and can be used as a suitable substrate for
stabilizing HP-LTTO. It is intriguing to construct Ni3TeO6-
type LTTO thin film on the (0001)-oriented CaCO3 substrate
according to Figure 4c,d in future studies.

4. CONCLUSIONS
Big-data-mining and high-throughput calculations on the
screening of nonmagnetic Li2BB′O6 (B = Ge, Ti, Sn, Hf, Zr;
B′ = Se, Te, W, Mo), confined by thermodynamic formability
(convex hull) and pressure-dependent relative enthalpy
evolution, successfully singled out the synthesizable Li2BTeO6,
Li2GeWO6, and Li2TiWO6 below 25 GPa. Their (meta)stable
crystal structures and the corresponding physical properties
(band gaps, spontaneous polarization, and energy barriers of
ferroelectric reversal) were computed as well. The accuracy of
the above predictions is experimentally validated by high-
pressure synthesis and characterization of Li2TiTeO6, for
which the high-pressure polymorph is predicted to be
stabilizable in thin film at ambient pressure. However, the
synthesis of Li2TiWO6 deviated from the predicted results that
R3 Li2TiWO6 will show up over 3.3 GPa. Instead, the
orthorhombic Li2WO4 beyond consideration was obtained,
indicating that databases and initial calculation models need to
be enriched and modified by experimental results for further
precise predictions. The thermodynamic screening results also
suggested that the anti-site B-B′ exchanging (the ordered-
ilmenite structure), which is energetically unfavorable in
Li2B

4+B′6+O6 upon pressing, could probably be ignored in
future research to save computing power by fixing lower/
higher charge cation at the B/B′ sites, respectively. Our work
provides a foundation for further high-throughput calculation
of different solid systems such as magnetic compounds, which
will lower the experimental trial cost and accelerate the
discovery of new materials.
The initial models from confined big-data-mining in Figure

1-(1) may not be fully representative and do not include any
possible new structure types that have not been discovered yet,
so it is possible to experimentally get unexpected polymorphs,
which will enrich the database and add new candidates as
initial models for future self-consistent calculations. An
alternative approach is to carry out less-supervised calculations
to possibly unveil the unknown structure types, which is
however less predictive and affordable. It happens that
materials computationally predicted to be stable with
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encouraging properties cannot be readily realized in the lab,
but those with a small positive distance to the hull are
obtained. This is understandable since the defects, error of the
PBE approximation, and other factors can also lead to
corrections to the free energy. Therefore, metastable phases
may be left out from the convex hull screening in Figure 1-(2)
and depend on further experimental pick-up. The prediction of
chemical pressure interception in Figure 1-(4) roughly counts
the lattice distortion and does not consider the atomic-scale
local structure, which will introduce deviation and need further
studies on the calculation models. The surface energy
calculation in spatially confined nanoscale interception does
not consider the effect from surfactant and/or solvent
surroundings and requires further experimental corroboration.
Further data accumulation and development of algorithms and
machine learning are beneficial to the proposed methodology
in this work. We envision that high-pressure solid-state
synthesis can be largely accelerated and more predictive and
precise in the future.
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