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High-melting-point oxides of chemical formula ABO3, with A = Ca, Sr, Ba and B = Zr, Hf,
are investigated as a function of hydrostatic pressure up to 200 GPa, by combining first-principles
calculations with a particle swarm optimization method. Ca- and Sr-based systems (1) first undergo
a reconstructive phase transition from a perovskite state to a novel structure that belongs to the
post-post-perovskite family; and (2) then experience an isostructural transition to a second, also
new post-post-perovskite state at higher pressure, via the sudden formation of a specific out-of-plane
B-O bond. In contrast, the studied Ba-compounds evolve from a perovskite phase to a third novel
post-post-perovskite structure, via another reconstructive phase transition. Original characteristics
of these three different post-post-perovskite states are emphasized. Unusual electronic properties,
including significant piezochromic effects and an insulator-metal transition, are also reported and
explained.

PACS numbers: 61.50.Ks, 64.70.K-, 81.30.-t

Zirconate and hafnate oxides, with a perovskite struc-
ture, are intensively studied for their use in pro-
tonic/ionic conducting and resistance switching appli-
cations [1–6]. In addition to undergoing a series of
phase transitions with temperature [7–9], these com-
pounds have a rather high melting point (over 2880 K for
SrZrO3 and SrHfO3 [7]) that makes them suitable for use
in high-temperature applications such as fuel cells, steam
electrolysis, and hydrogen gas sensors [10, 11]. Moreover,
barium zirconate and barium hafnate perovskite oxides
also possess a good thermodynamic stability, low reac-
tivity and a large lattice constant, which render them
suitable substrates for the synthesis of high-temperature
superconductors or for inducing large epitaxial tensile
strain in perovskite films [12, 13].

Interestingly, applying hydrostatic pressure is an ef-
ficient way to achieve novel properties due to its influ-
ence on crystal structure, electronic orbitals, chemical
bonding, etc. Many exotic materials have been formed
under pressure, such as compressed H3S exhibiting
high-temperature superconductivity [14–16], diamond-
like BC5 possessing Vickers hardness HV = 71 GPa [17],
and hydrogen-rich metal hydrides RhH2 that are promis-
ing for hydrogen storage [18]. ABO3 and ABF3 mate-
rials were also found and/or predicted to possess crys-
tal structures that differ from perovskite, when placed
under hydrostatic pressure, as, e.g., evidenced by (1)
the discovery of the so-called post-perovskite phase of
MgSiO3 in the lowermost layer of the Earth’s mantle
[19, 20]; (2) the facts that NaMgF3 and CaTiO3 can fur-
ther transform from a post-perovskite phase to a post-

post-perovskite phase under higher pressure [21]; and
(3) the pressure-induced post-post-perovskite structure
of RMnO3 (where R is a rare-earth ion) adopting a novel
polar and magnetic- and therefore multiferroic- phase, as
originating from novel energetic couplings between the
electrical polarization and pseudo Jahn-Teller effects [22].

Based on the interest that high-melting-point ox-
ides exercise and these recent findings on high-pressure-
induced novel structures in other perovskites, it is legit-
imate to wonder if ABO3 materials, with A = Ca, Sr,
Ba, and B = Zr, Hf, can also adopt new phases when
subject to pressure. If so, revealing and understanding
the structural mechanism(s) yielding such (hypothetical)
new phases would also be of obvious importance. The
main goal of this manuscript is to reveal the prediction
of three novel pressure-induced phases that can all be
considered to belong to the post-post-perovskite family
(therefore broadening such family via the original ways
that oxygen polyhedra interconnect to each other to form
a network) in these high-melting-point oxides, as a result
of either reconstructive or isostructural phase transitions.
We also found that such phases can have a large variation
of their electronic band gap as a function of pressure (that
is they exhibit significant piezochromic effects), even re-
sulting in a pressure-induced insulator-to-metallic tran-
sition.

To explore possible crystal structures that are stable
under hydrostatic pressures, we performed simulations
of these ABO3 systems under 50, 100, and 150 GPa, as
well as ambient pressure, using CALYPSO (crystal struc-
ture analysis by particle swarm optimization) [23, 24].
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FIG. 1. Schematization of (a) the Pv-Pnma (0 GPa), (b)
ppPv-Pnma(I) (130 GPa), (c) ppPv-Pnma(II) (140 GPa),
and (d) ppPv-Pnma(III) (140 GPa) states in CaZrO3 un-
der pressure. The bottom figures depict two local adjacent
polyhedral in these structures, with the red dotted lines indi-
cating shared common edges and the translucent green planes
representing shared common faces.

Computations for the lowest-energy candidate structures
are then conducted, for any pressure ranging between 0
and 200 GPa, using the density functional theory (DFT)
[25] within the Perdew-Burke-Emzerhof (PBE) general-
ized gradient approximation (GGA) functional [26], as
implemented in the Vienna ab initio Simulation Package
(VASP) [27]. The Supplemental Materials [28–33] pro-
vide more details about our computations, and also show
that the use of the so-called PBEsol functional [34] yields
similar results. Note also that the PBE functional has
been demonstrated to provide accurate results at high
pressure, in, e.g., superconducting hydrogen sulfide and
the post-perovskite phase of MgSiO3 [14–16, 19, 20].

Let us start by focusing on CaZrO3 (CZO). As con-
sistent with previous works [35–37], CZO is found to ex-
hibit the perovskite (Pv) structure, with the orthorhom-
bic Pnma space group, as its ground state. This phase
is denoted as Pv-Pnma and shown in Fig. 1a. One can,
e.g., see that, as typical of perovskites, any oxygen octa-
hedron shares a corner with a neighboring octahedron to
form a three-dimensional network. The predicted lattice
parameters of the Pv-Pnma ground state of CZO are a
= 5.828 Å, b = 8.094 Å, and c = 5.632 Å, which is in
rather good agreement (i.e., typically within 1%) with
the measurements of Ref. [36]. Figure 2a reports the
enthalpy H = E + PV (where E is the total internal en-
ergy, P is the hydrostatic pressure, and V is the volume)
as a function of pressure for the different phases that the
CALYPSO software [23, 24] determined in CZO. In this
figure, the enthalpy of the perovskite phase adopting the
orthorhombic Cmcm phase (to be coined Pv-Cmcm) is
set to be zero for any pressure. Figure 2a indicates that,
up to 10 GPa, Pv-Pnma remains the most stable state
since it has the lowest enthalpy (the Pv-Cmcm phase of
CZO, that has been mentioned in Ref. [35], is there-
fore of higher enthalpy). In this stable Pv-Pnma phase,
there are three doubly degenerate Zr-O nearest neighbor
bonds, that are all very close to each other and that de-

crease with pressure, as indicated in the bottom of Fig.
1a and as shown in Fig. 2c. The resulting coordination
around each Zr ion is therefore equal to 6 in Pv-Pnma.
When the pressure reaches about 10 GPa, a first-order
transition occurs from Pv-Pnma to the phase displayed
in Fig. 1b. Such phase also possesses the orthorhombic
Pnma space group, but adopts a crystal structure that
differs from perovskite. As shown in Figs 1b and 2b, such
crystal structure is such as (i) any two adjacent oxygen
polyhedra share common edges, leading to a network of
connected polyhedra within any c plane; and (ii) its c-
axis is strongly elongated, while its b-axis is significantly
shortened, with respect to the a-axis. Such crystal struc-
ture can therefore be considered to be what was termed
as a post-post-perovskite (ppPv) structure in Ref. [18].
The resulting Pnma state of CZO within this post-post-
perovskite (ppPv) structure is denoted as ppPv-Pnma(I).
In our discovered ppPv-Pnma(I) state, any oxygen poly-
hedron is connected with six other polyhedra within any
given c-plane via six edge sharings. Such features make
ppPv-Pnma(I) differ from the post-post-perovskite struc-
ture of Ref. [21] and shown in Fig. S1, for which any oxy-
gen polyhedron is connected with four oxygen polyhedra
via four edge sharings. Post-post-perovskite phases can
therefore be diverse. In fact, other post-post-perovskite
states to be discussed below, and to be denoted as ppPv-
Pnma(II) and ppPv-Pnma(III), are also different from
that of Ref. [21], therefore confirming such diversity as
well as the novel character of various phases reported in
the present work. Furthermore, Figure 2b indicates that,
at the Pv-Pnma-to-ppPv-Pnma(I) transition of about 10
GPa in CZO, the lattice parameter a remains nearly iden-
tical while the b and c parameters suddenly experience
a large decrease by 41.2% and increase by 56.4%, respec-
tively, which results in large volume collapse (∼ 7.7%)
that is representative of a strong first-order transition.
The coordination around each Zr ion is increased from
6 to 7 at that transition since there are two doubly de-
generate and three non-degenerate different Zr-O bonds
in ppPv-Pnma(I), as revealed by the bottom part of Fig.
1b. At around 10GPa, some of these seven bonds of
ppPv-Pnma(I) reach values as large as 2.3 Å, while all the
six bonds of Pv-Pnma are less than 2.1 Å. Such change
in bonding, as well as the dramatic difference in struc-
tures between Pv-Pnma phase and ppPv-Pnma(I) state,
implies that Pv-Pnma-to-ppPv-Pnma(I) can be consid-
ered to a be a textbook example of reconstructive phase
transitions [38] (that are first-order in nature [39]). Note
also that all the seven short Zr-O bonds of ppPv-Pnma(I)
decreases with pressure, as indicated in Fig. 2c.

Moreover, there is another distance between Zr and O
ions that is much larger than these seven bonds in ppPv-
Pnma(I). This distance is shown in Fig. 1b, via black
arrows, and is, e.g., close to 2.94 Å at about 130GPa
while the largest of these seven bonds is less than 2.1
Å at this pressure (see Fig. 2c). Remarkably, this dis-
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FIG. 2. Predicted (a) enthalpy, (b) lattice parameters, (c) the
short Zr-O bonds lengths, and (d) electronic band gap versus
hydrostatic pressure for low-in-enthalpy phases in CaZrO3.
Note that the enthalpy of the Pv-Cmcm phase has been set
to be zero for any pressure in Panel a; Panel (e-h): Same
as Panels (a-d), respectively, but for BaZrO3 and with the
enthalpy of the Pv-Pm 3̄m phase having been set to be zero
for any pressure in Panel e.

tance suddenly decreases from about 2.8 Å to about 2.3
Å at ∼ 138 GPa, leading to another first-order transition
in which the resulting phase has now a coordination of
8 (two doubly degenerate and four non-degenerate Zr-
O chemical bonds). This resulting phase not only re-
tains the same Pnma space group but also continues to
adopt the post-post-perovskite structure (characterized,
e.g., by any two neighboring polyhedra sharing oxygen
edges within c-planes), as similar to ppPv-Pnma(I). We
will thus denote such new phase as ppPv-Pnma(II). In-
terestingly, all the atoms in ppPv-Pnma(II) occupy the
same types of Wyckoff positions than in ppPv-Pnma(I),
as detailed in Table S1 of the Supplemental Materials,
while the ppPv-Pnma(I)-to-ppPv-Pnma(II) transition is
accompanied by a sudden change in lattice parameters
by less than 6% (see Fig. 2b) which generates a re-
duction in volume of ∼ 2.9%. The ppPv-Pnma(I)-to-
ppPv-Pnma(II) is therefore an example of a (first-order)
isostructural phase transitions [40], which are rather rare
in nature. Note that the new atomic bond formed by the
shortening of the aforementioned specific Zr-O distance
at the ppPv-Pnma(I)-to-ppPv-Pnma(II) transition can
be clearly seen in Fig. S2 of the Supplemental Mate-
rials. Such new bond allows oxygen polyhedra of dif-
ferent c-planes to be now connected to each other via
corner-sharing in ppPv-Pnma(II), which contrasts with

the case of ppPv-Pnma(I). Any oxygen polyhedron in
ppPv-Pnma(II) is now linked with 8 other polyhedra
via 6 edge sharings in a c-plane and 2 corner sharings
out of this c-plane. Such features emphasize the fact
that ppPv-Pnma(II) is structurally different from ppPv-
Pnma(I) and from the post-post-perosvkite phase of Ref.
[21]

There is another post-post-perosvkite state, to be de-
noted as ppPv-Pnma(III), that is found in our simula-
tions of CZO. It is shown in Fig. 1d, and is such as
that any oxygen polyhedron is connected to 6 neighbor-
ing polyhedra – via 4 typical edge sharings and 2 face
sharings (with each face sharing being formed by 3 tri-
angular edge sharings). However, as indicated in Fig.
2b, such ppPv-Pnma(III) state has an enthalpy that is
always larger than the ones of ppPv-Pnma(I) and ppPv-
Pnma(II) in CZO, which implies that ppPv-Pnma(III) is
never the equilibrium phase of CZO for any pressure. As
we are going to see below, this is not the case for BaZrO3

(BZO).

However, before that, let us demonstrate that struc-
tural changes can affect other physical properties, as
evidenced by, e.g., the variation of the electronic band
gap of CZO versus pressure displayed in Fig. 2d. In
particular, the ppPv-Pnma(II) phase of CZO possesses
a (direct) electronic band gap that varies from 1.80 to
about 0 eV when the pressure increases from about 140
to 180GPa. In other words, CZO in its ppPv-Pnma(II)
phase possesses rather large piezochromic effects – i.e.,
change of color under pressure – and can even undergo
an insulator-to-metallic transition [41]. Such striking ef-
fect can be understood thanks to Figs. 3 that report
the total and projected local density of states of CZO
between 130 and 180 GPa, as well as the corresponding
charge density integrated over all the conduction states
having an energy being within 0.3 eV of the conduction
band minimum. Such figures reveal that the isostruc-
tural transition from ppPv-Pnma(I)-to-ppPv-Pnma(II)
leads to the formation of (empty) antibonding orbitals
between two Zr ions (with these two Zr ions being each in-
volved in the aforementioned newly formed Zr-O bonds).
Such antibonding results in a broadening of the Zr-4d
dominated lowest conduction band and concomitant shift
of the conduction band minimum energy towards the
(oxygen-2p dominated) valence band maximum as pres-
sure increases (since the distance between these two an-
tibonded Zr ions decrease with pressure, as shown in
Fig. S6 of the Supplemental Material). As a result, the
band gap decreases with pressure between 140 and 180
GPa within the ppPv-Pnma(II) phase. Note also that
pressure-induced insulator-to-metal transitions have also
been reported in other systems, but when no structural
phase transition occurs [42].

Let us now pay attention to BZO. At ambient pressure
and room temperature, BZO is known to possess a high
symmetric cubic perovskite structure having the Pm 3̄m
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space group [43]. Moreover, some first-principles simu-
lations (therefore conducted at 0K) further predict that
BZO can, in fact, exhibit small antiphase tilting of the
oxygen octahedra in its ground state [44, 45]. However,
such low-temperature tiltings have also been suggested
to be suppressed by quantum effects [44]. Our simula-
tions of Fig. 2e are consistent with all these previous
works since we found that two different perovskite struc-
tures have the lowest and close enthalpies from 0 GPa to
about 20 GPa, namely the aforementioned cubic Pm 3̄m
phase (to be denoted here as Pv-Pm 3̄m), and the tetrago-
nal I 4/mcm state (to be referred to as Pv-I 4/mcm) that
has antiphase tilting of its oxygen octahedra about the
[001] direction. The angle of these tiltings in Pv-I 4/mcm
is equal to 3.4◦ at 0 Ga and increases up to 8.5◦ for the
pressure of 20 GPa. It is only above 20 GPa and up to
about 70 GPa that Pv-I 4/mcm has an enthalpy lower by
more than 35 meV/5-atom from that of Pv-Pm 3̄m (with
this difference increasing with pressure), which is in-line
with the phase transition from cubic Pv-Pm 3̄m to Pv-
I 4/mcm that has been observed at 17.2GPa in BZO at
room temperature [46]. Unlike in CZO, the perovskite
Pnma phase is never the equilibrium state of BZO at
any pressure. Another major difference between CZO
and BZO is that this latter transforms at higher pressure
towards a post-post-perovskite structure that is neither
ppPv-Pnma(I) nor ppPv-Pnma(II), but rather to what
we called ppPv-Pnma(III) and that is depicted in Fig.
1d. The transition from Pv-I 4/mcm to ppPv-Pnma(III)
occurs at about 70 GPa, as revealed by Fig. 2e. Note
that this latter figure also indicates that ppPv-Pnma(III)
possesses a higher enthalpy than ppPv-Pnma(I) for pres-
sures ranging from 0 to 50GPa (for which the ground
state is perovskite), with this hierarchy between the en-
thalpies of these two post-post-perovskites phases revert-
ing itself above 50GPa. Moreover, Fig. 2f shows that
the Pv-I 4/mcm-to-ppPv-Pnma(III) transition is accom-
panied by a sudden decrease of the b lattice parameter by
a factor of about 0.55 and an enhancement of about 1.65
times for c, while a appears to continuously evolve during
the transition. Such evolutions result in a 7.9% volume
collapse at this transition. Furthermore, the coordina-
tion around each Zr ion increases from 6 (arising from
one doubly degenerate Zr-O bond and another quadruply
degenerate Zr-O bond) to 8 (three doubly degenerate and
two non-degenerate Zr-O bonds) at the Pv-I 4/mcm-to-
ppPv-Pnma(III) transition, as shown in Fig. 2g. These
changes in volume and bonding are representative of an-
other first-order reconstructive phase (note that Fig. 2h
reveals that BZO exhibits a sudden decrease of its band
gap by about 2.5 eV at this reconstructive transition, as
also further detailed in Fig. S7. of the Supplemental
Material). It is also worthwhile to realize that, unlike in
CZO, there is no predicted phase transition between two
different post-post-perovskite states in BZO until reach-
ing the highest investigated pressure of 200GPa, that

is this Ba-system remains in the ppPv-Pnma(III) phase
from 70 to 200GPa.

Let us now provide more information about ppPv-
Pnma(III). As its name indicates, its space group is also
orthorhombic Pnma and it also possesses edge-sharing
oxygen polyhedra that are characteristic of post-post-
perovskite structures (see Fig. 1d). One main distinction
between ppPv-Pnma(III) and the other two post-post-
perovskite ppPv-Pnma(I) and ppPv-Pnma(II) structures
is that the Wycoff y-coordinates of the Ca ion and of one
oxygen ion (the one denoted as O3 in Table S1) are both
equal to 0.75, while they are 0.25 in ppPv-Pnma(I) and
ppPv-Pnma(II). Such changes naturally affect, e.g., Ca-
Zr bonds: ppPv-Pnma(III) has three non-degenerate Ca-
Zr (shortest) bonds to be compared with five (two doubly
degenerate and one non-degenerate) Ca-Zr bonds in both
ppPv(I) and ppPv(II). The patterns formed by these Ca-
Zr bonds in these three post-post-perovskite phases are
shown in Fig. S4 of the Supplementary Materials.

In addition to CZO and BZO, we also investigated
CaHfO3, SrZrO3, SrHfO3 and BaHfO3, under pressures
up to 200GPa. As indicated in the Supplemental mate-
rials, CaHfO3, SrZrO3 and SrHfO3 qualitatively behave

FIG. 3. (a-d) Total and projected density of states of the
equilibrium ppPv(I)/(II)-Pnma structure for CaZrO3 for 130
GPa (corresponding to ppPv(I)-Pnma), as well as for 140, 160
and 180 GPa (all associated with ppPv(II)-Pnma). The ma-
genta dotted vertical lines are set as the Fermi level, that is at
the valence-band maximum (VBM). The cyan dotted vertical
lines are set at the conduction-band minimum (CBM). (e-
h) The corresponding charge density integrated over all the
conduction states having an energy being within 0.3 eV of
the conduction band minimum.The band gap is direct at the
zone center. O1, O2 and O3 oxygens are the types of oxygen
ions indicated in Table S1 of the Supplemental Material. In
particular, each O3 ion forms a new bond with a Zr ion in
ppPv(II)-Pnma, as depicted in Panels f-h. Such O3 ions are
circled around in Panels e-h.
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as CZO when under pressure, since (1) their adopted
state at small pressures crystallizes in Pv-Pnma, as
consistent with experiments [8, 9]; (2) they then un-
dergo a phase transition towards ppPv-Pnma(I) state;
(3) finally experience the isostructural ppPv-Pnma(I)-
to-ppPv-Pnma(II) transition at higher pressure; and
(4) possess similar piezochromic effects in their ppPv-
Pnma(II) phase. Figure S3 of the Supplemental Ma-
terials also indicate that BaHfO3 qualitatively behaves
as BZO since its ground state is perovskite at low pres-
sure (it is Pv-Pm 3̄m, as consistent with measurements
[47, 48]), then transforms into Pv-I 4/mcm phase at
about 10 GPa and into ppPv-Pnma(III) at about 90
GPa, and remains in this post-post-perovskite state up to
200GPa. Note that the difference in post-post-perovskite
types of phase, as well as the two different slopes of the
volume collapse-versus-critical pressure, shown in Fig.
S8 of the Supplemental Material, definitely indicate that
two classes of materials should be distinguished for these
high-melting-point oxides: one that gathers CaZrO3,
CaHfO3, SrZrO3 and SrHfO3 and another one formed
by the Ba-based BaZrO3 and BaHfO3 compounds.

In summary, we combined a particle swarm optimiza-
tion method and first-principles calculations to reveal
pressure-induced structural changes in ABO3 compounds
with A = Ca, Sr, Ba and B = Zr, Hf. All these
high-melting-point oxides are predicted to undertake a
first-order reconstructive phase transition from a per-
ovskite to a post-post-perovskite structure, that is ppPv-
Pnma(I) in case of the Ca- and Sr-based materials ver-
sus ppPv-Pnma(III) for the Ba-systems. The experi-
mental confirmation of the existence of these reconstruc-
tive phase transitions likely requires laser heating un-
der pressure [49–51]. The difference between these two
classes of materials is further emphasized by the fact that
CaZrO3, CaHfO3, SrZrO3 and SrHfO3, unlike BaZrO3

and BaHfO3, further undergo an isostructural transi-
tion from ppPv-Pnma(I)-to-ppPv-Pnma(II), when the
hydrostatic pressure is increased. Such latter transition
is associated with the sudden formation of an out-of-
plane Zr-O/Hf-O bond. Other striking structural data
of ppPv-Pnma(I), ppPv-Pnma(II) and ppPv-Pnma(III),
such as the different ways that oxygen polyhedral inter-
connect to each other to generate original networks, are
discussed. Such structural changes are further demon-
strated to generate striking physical phenomena, such as
significant piezochromic effects in CZO, CaHfO3, SrZrO3

and SrHfO3. We thus hope that the present study broad-
ens the general and important fields of, e.g., phase tran-
sitions and crystallography, and will encourage scientists
to observe such effects in high-melting-point oxides as
well as in other systems.
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