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Prediction of a stable post-post-perovskite structure from first principles
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A novel stable crystal structure is discovered in a variety of ABO3, ABF3, and A2O3 compounds, via the
use of first principles. This novel structure appears under hydrostatic pressure, and can be considered to be a
post-post-perovskite phase. It provides a successful solution to experimental puzzles in important systems and is
characterized by one-dimensional channels linked by a group of two via edge-sharing oxygen/fluorine octahedra.
Such organization automatically results in anisotropic elastic properties and new magnetic arrangements.
Depending on the system of choice, this post-post-perovskite structure also possesses electronic band gaps
ranging from zero to �10eV being direct or indirect in nature.
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ABX3 perovskites (Pv) form an important class of crystal
structures for which A and B are cations and X is typically
the oxygen or fluorine anion. Perovskites display a wealth
of phenomena, such as ferroelectricity, magnetism, multifer-
roicity, piezoelectricity, magneto-electricity, charge and orbital
orderings, superconductivity, etc. As a result, they constitute
a rich playground for research and are important for various
technologies, which explains the flurry of activities that have
been devoted to them [1]. Interestingly, recent works have
shown that applying a hydrostatic pressure in some ABX3

materials can result in the transformation from the Pv structure
to the so-called “post-perovskite” (pPv) structure, which can
have important physical consequences [2–9]. For instance, the
pPv structure discovered in MgSiO3 explains the existence of
anisotropic features in the D” layer of Earth [8–10]. Moreover,
CaRhO3 was recently found to adopt a polymorph that was
described as being an intermediate phase between perovskite
and post-perovskite [11]. Based on these discoveries as well
as recent findings of new high-pressure phases in ABO3

and ABF3 systems [12–14], one may wonder if there is
another crystal structure (to be termed as “post-post-perovkite”
(ppPv)) for which Pv or pPv materials can evolve to under
hydrostatic pressure. Positively answering such question will
deepen the current knowledge of crystallography and high
pressure. Moreover, if such structure does exist, one may also
wonder about its structural characteristics and if they can lead
to novel physical properties—which is obviously interesting
for fundamental reason but also for the design of original
devices. It is also of high importance to determine what precise
compounds may possess such hypothetical structure.

The goal of this Rapid Communication is to address all
these aforementioned unknown questions, via the use of first-
principles calculations. As we will see, surprises are in store
since we, e.g., (1) predict that many and various ABX3 and
A2O3 materials can transform to a common, novel, and stable
ppPv structure (from a pPv structure or even directly from a Pv

structure) under hydrostatic pressure; and (2) reveal its unusual
structural, magnetic, and electronic properties. Moreover, this
ppPv structure is likely the “N phase” that has been observed
in Refs. [2,3].

As detailed in Ref. [15] (see, also, Refs. [2,3,8–11,16–39]
therein), first-principles calculations are performed on many
ABX3 and A2O3 materials, with different A and B atoms and
with X = O or F anion, under hydrostatic pressure. A list of
these materials is indicated in Fig. 1.

Crystal structures. Let us first concentrate on a specific
material that has been experimentally explored under pressure,
namely NaMgF3. Figure 2(a) shows that the orthorhombic Pv
Pnma phase (Pv-Pnma) is predicted to be its ground state up
to �20 GPa, as consistent with measurements [2,3,40]. Such
phase is common to many perovskites [20] and is schematized
in Fig. 2(b). In this phase, any fluorine (or oxygen) octahedra
share corners with their neighboring octahedra along the
pseudocubic [100], [010], and [001] directions. Figure 2(a)
further reveals that NaMgF3 is predicted to experience a
phase transition to the (orthorhombic) post-perovskite Cmcm

phase (pPv-Cmcm) at �20 GPa, for which not only the space
group but also the crystal structure change, as schematized in
Fig. 2(c). Interestingly, the Pv-Pnma–to–pPv-Cmcm transi-
tion has been observed to occur for pressure around 27–30 GPa
and under laser heating (likely, to overcome the kinetic barrier
inherent to first-order transitions) [2,3] in NaMgF3, which
is rather consistent with our prediction of a corresponding
critical pressure of �20 GPa at 0 K. As indicated by Fig. 3
and Table I of the Supplemental Material (SM) [15], the
pPv-Cmcm phase differs from the Pv-Pnma structure by
the existence of two-dimensional sheets formed by octahedra
that share edges along the a axis and corners along the c

axis. These two-dimensional sheets are stacked along the b

axis with an interlayer made of A atoms separating any two
neighboring sheets. As a result, the elastic (stiffness) constant
of pPv-Cmcm is much lower along the b axis than along
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FIG. 1. (Color online) Pressure range of stability of the Pv-Pnma, pPv-Cmcm, and ppPv-Pnma phases in the ABX3 and A2O3 materials
under study. (a) and (b) report materials possessing or missing, respectively, the presently discovered ppPv-Pnma structure for pressure up to
120 GPa. Numbers in these panels indicate the decrease in volume (in percentage) at the transitions.

the a or c axis for any material, including NaMgF3 (see
Table II of the SM [15] and MgSiO3—which, for this latter
compound, is consistent with the seismic anisotropy observed
in the so-called D” layer of Earth [8,10].

As also revealed by Fig. 2(a), we further found that
NaMgF3 undergoes another transition at �51 GPa, for which
the space group and crystal structure both change again:
the resulting phase re-adopts the Pnma space group but
within a different crystal structure that is termed “post-post-
perovskite” [3,41,42] and that is denoted as ppPv-Pnma

in the following. Its structural characteristics are shown in
Figs. 2(d) and 2(e). Interestingly, while ppPv-Pnma has never
been previously reported in any material, its present discovery
solves a puzzle: it likely is the so-called “N phase” that has
been observed in Refs. [2,3], based on the facts that (i) it
experimentally appears as a result of a phase transformation
from the pPv-Cmcm phase at 56 GPa under laser-heating of
about 2000 K (as consistent with our predicted pPv-Cmcm–
to–ppPv-Pnma transition for a critical pressure �51 GPa at
T = 0 K); (ii) the N phase has been assigned an orthorhombic
symmetry [2], in line with the Pnma space group we presently
found for our ppPv structure [43]; and (iii) our simulated x-ray
diffraction pattern of ppPv-Pnma is consistent with the one
experimentally found in Ref. [3] for this N phase (see Fig. 4
of Ref. [15]).

Remarkably, comparing Figs. 2(c) with 2(d) and 2(e) re-
veals that the transformation from pPv-Cmcm to ppPv-Pnma

results in the breaking of the two-dimensional octahedra sheet
at the shared corners in favor of one-dimensional channels that
are elongated along the b axis of the ppPv-Pnma structure.
These channels organize themselves by group of two (with the
two channels forming the double channel being parallel to each
other along the b axis), as a result of edge-sharing octahedra.
As shown in Table I of the SM [15], for a given pressure of
60 GPa (which is rather close to the predicted pPv-Cmcm–
to–ppPv-Pnma transition), the formation of these double

channels leads, in NaMgF3, to the b and c lattice constants
of ppPv-Pnma being larger by 4.3% and 25.3%, respectively,
than the a and b lattice constants of pPv-Cmcm. On the other
hand, the a lattice parameter of ppPv-Pnma is smaller by
24.9% than the c lattice constant of pPv-Cmcm [note that the b

axis is parallel to the direction of the one-dimensional channel
in ppPv-Pnma while it is perpendicular to the octahedra sheets
in pPv-Cmcm, implying that comparisons have to be made
between the (a,b,c) triad axis of ppPv-Pnma and the (c,a,b)
triad axis of pPv-Cmcm]. As shown in the inset of Fig. 2(a),
such changes in lattice constants result in a decrease of 1.84%
of the volume at the pPv-Cmcm–to–ppPv-Pnma transition in
NaMgF3, which is a prediction that can be easily checked by
measurements. Note that the octahedra are more distorted in
ppPv-Pnma than in pPv-Cmcm, as evidenced by the facts that
the six Mg-F bonds of the octahedra in ppPv-Pnma adopt four
different values equal to 1.813, 1.871 (doubly degenerate),
1.888 (doubly degenerate), and 1.942 Å, respectively, while
those of pPv-Cmcm only split between two values of 1.785
(doubly degenerate) and 1.846 Å (four times degenerate),
respectively, for a pressure of 60 GPa. The fluorine octahedra
therefore become 0.84% larger in ppPv-Pnma than in pPv-
Cmcm (even if the volume decreases), as edge-sharing allows
for more compact packing. Moreover, in the ppPv-Pnma

phase, any Mg ion belonging to one channel gets rather close
to a specific F ion belonging to the adjacent channel [indicated
by the dashed line in Fig. 2(d)] forming the double channels
and therefore leads to an increase in coordination number from
6 to “6+1.” For instance, at 60 GPa, the bond between these
Mg and specific F ions is about 2.103 Å, which is comparable
to the distances of 1.813–1.942 Å between Mg and F ions
belonging to the same octahedra [44].

Figure 1(a) also shows that many materials are also
predicted to exhibit the aforementioned Pv-Pnma–to–pPv-
Cmcm and pPv-Cmcm–to–ppPv-Pnma transitions, but at
different critical pressures. On the other hand, Fig. 1(a)
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FIG. 2. (Color online) Pressure dependence of the enthalpy of the Pv-Pnma, pPv-Cmcm, and ppPv-Pnma phases of NaMgF3 (a), along
with the schematization of (b) the Pv-Pnma, (c) pPv-Cmcm, and [(d) and (e)] ppPv-Pnma crystal structures. Note that the enthalpy of the
Pv-Pnma phase has been set to be zero for any pressure in (a), and that the inset in (a) displays the behavior of the volume vs pressure in the
Pv-Pnma, pPv-Cmcm, and ppPv-Pnma phases (in the pressure ranges they have the lowest enthalpy).

further indicates that some materials are predicted to directly
transform from Pv-Pnma to ppPv-Pnma without adopting
the intermediate pPv-Cmcm phase, as the pressure increases.
Examples include (i) BiFeO3 and BiCrO3 that are often studied
for their multiferroic properties [45,46]; (ii) CaMnO3 that
has been predicted to exhibit both magnetic and electric
orderings when grown as a strained film [47,48]; and (iii) the
rare-earth ferrites RFeO3 [28–30] with small or intermediate
ionic radius. For instance and as shown in Fig. 1(a) of Ref. [15],
GdFeO3 directly undergoes a transition from Pv-Pnma to
ppPv-Pnma at the pressure of � 56.5 GPa. Conversely, there
are some materials, such as CaBO3 with B = Ru, Ir, Rh,
Pt (that have been investigated because of their analogy with
MgSiO3 [4–7,49,50] or because of the strong effect of spin
orbit interactions on some of their physical properties [51]) that
do not exhibit the Pv-Pnma phase but rather evolve from pPv-
Cmcm to ppPv-Pnma, as a hydrostatic pressure is applied and
increased (see Fig. 1(b) of Ref. [15] for CaPtO3). In particular,
we predict that the ppPv-Pnma phase of CaRuO3 will appear
at a pressure of 33.8 GPa, which should make its observation
rather easily feasible. Note that Fig. 1 also indicates that the
volume is typically reduced by an amount varying between
0.9% and 3.8% (depending on the chemistry) at the critical
pressure at which the post-post-perovskite structure becomes
the most stable phase in our studied compounds. Moreover and
as shown in Fig. 1(b), no ppPv structure was found up to 120
GPa in some other systems, such as RFeO3 compounds with
large ionic radius (i.e., R = Nd, Pr, Ce, and La, see Fig. 1(c)
of Ref. [15]), MgSiO3, Mn2O3, or Al2O3—as consistent with
measurements and previous computations [8,9,32–34] (note
that Ref. [15] provides a more detailed comparison between
our predictions and these previous works).

Dynamical stability. The ppPv-Pnma structure is dynami-
cally stable in its pressure range of stability for all the materials
shown in Fig. 1(a). Two examples are shown in Figs. 2(a)
and 2(c) of Ref. [15] for NaMgF3 and GdFeO3, respectively,
both under a pressure of 60 GPa. In fact, we also numerically
found that, in several studied compounds, ppPv-Pnma does
not have any unstable phonon even in pressure regions for
which this phase is not the lowest one in enthalpy. For
instance and as shown in Fig. 1(b) of Ref. [15], ppPv-Pnma

is dynamically stable even at zero pressure in, e.g., CaPtO3.
As consistent with previous works [52,53], this stability likely
implies that this phase can be quenched to ambient pressure
in this material (especially because the difference in enthalpy
between pPv-Cmcm and ppPv-Pnma is found to be as small
as 181 meV/5-atom at zero pressure in CaPtO3). Conversely,
other phases, such as pPv-Cmcm, can also have no unstable
phonon in the pressure range for which ppPv-Pnma has the
lowest enthalpy, which implies that (i) pPv-Cmcm may still be
experimentally found in some materials at pressure higher than
the predicted pPv-Cmcm–to–ppPv-Pnma transition pressure
and (ii) observing ppPv-Pnma phase in these materials may
require the use of laser heating (to overcome kinetic barrier).
Note that the aforementioned Pv-Pnma–to–pPv-Cmcm and
pPv-Cmcm–to–ppPv-Pnma transitions are of reconstructive
type, and that the Pv-Pnma, pPv-Cmcm and ppPv-Pnma

phases form local minima that are linked by bond-breaking,
which explains their dynamical stability.

Electronic structure. We also numerically found that within
ppPv-Pnma, the electronic band gap can be rather quantita-
tively different between investigated materials (see Table III
and Fig. 2 of Ref. [15]). For instance, the calculated band gap of
NaMgF3 is as large as 9.04 eV for a pressure of 60 GPa while
it is dramatically reduced to 0.83 eV for GdFeO3 under the
same pressure. In fact, a few systems are even metallic above
the pressure at which the ppPv-Pnma phase begins to appear.
Examples include CaRhO3 at 70 GPa and CaIrO3 at 90 GPa.
Equally striking and as shown in Fig. 2 of Ref. [15] too, even
the character of the band gap (that is direct versus indirect)
can be altered when going from one material to another
within ppPv-Pnma. Such electronic flexibility may result, in
the future, to the discovery of anomalous properties (such
as metal-insulator transitions [54]) or highly-desired features
(such as a direct-band gap in the frequency spectrum needed
for photovoltaic devices [55] or light-emitting devices [56]) in
materials possessing the ppPv-Pnma structure.

Magnetic ordering. Interestingly, some ABO3 materials,
that are predicted to exhibit ppPv-Pnma structure, possess
A and/or B atoms that are magnetic. As a result, novel or
striking magnetic arrangements should emerge, especially
when recalling that ppPv-Pnma adopts unusual “double”
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FIG. 3. (Color online) Magnetic ground state of the ppPv-Pnma

phase of GdFeO3 under 60 GPa. (a) The strength of the magnetic
interactions and the resulting magnetic ordering between Fe ions,
(b) the coupling coefficients associated with Fe and Gd magnetic
interactions as well as the spin pattern adopted by these two types of
ions.

one-dimensional channels inside which A and B bond with
O atoms [see Figs. 2(d) and 2(e)]. Let us, for instance,
consider the case of the ppPv-Pnma phase of GdFeO3

at 60 GPa and include the 4f electrons of Gd in the
valence in the calculations, thus allowing both Gd and Fe
ions to adopt localized magnetic moments (that are found
to be 6.90 μB and 4.12 μB , respectively). Practically, en-
thalpies of different collinear magnetic configurations are
computed and used to extract the coupling coefficients
(JBB,chain, JBB,across, JBA,single, JBA,four) of the model de-
scribed by H = 1

2JBB,chain
∑

i,j Si · Sj + 1
2JBB,across

∑
i,j Si ·

Sj + 1
2JBA,single

∑
i,j Si · Sj + 1

2JBA,four
∑

i,j Si · Sj , where
the sums over i run over all Fe atoms, while the first
(respectively, last) two sums over j run over specific Fe
(respectively, Gd) atoms that will be indicated below. As
depicted in Fig. 3, the strongest coupling coefficient (denoted
by JBB,chain) is found to be 2.86 meV (that is antiferromagnetic
in nature) and is between Fe ions that are distant (by �3.02 Å)
along the b axis. Interestingly, the coupling between Fe ions
that belong to two adjacent and parallel one-dimensional
channels (and are distant by �2.67 Å) is also antiferromagnetic
in nature but is of smaller magnitude since it is equal to
1.52 meV (this parameter is denoted here as JBB,across). As
a result and as shown in Fig. 3(a), the magnetic ground
state of GdFeO3 possesses one-dimensional antiferromagnetic
chains elongating along the b axis and formed by Fe ions
with each of these Fe ions having two neighboring Fe ions of
opposite spins and that belong to the adjacent parallel chain.
Note that the particular triangularlike geometry seen by any

magnetic B ion [see Fig. 3(a)] because of the formation of the
double one-dimensional channels inherent to ppPv-Pnma in
ABO3 materials is a perfect “recipe” to generate the so-called
geometric frustration [57,58] in the specific (and presently
hypothetical) case that JBB,chain and JBB,across would still be
antiferromagnetic in nature but would now be close to each
other in magnitude (unlike in GdFeO3). Searching for such
compounds or the hypothetical pressure giving rise to such
condition in some materials therefore constitutes a promising
avenue to pursue in the future. Note also that we numerically
found that, in the ppPv-Pnma phase of GdFeO3 at 60 GPa,
magnetic interactions between Gd ions are negligible (as
consistent with the deep f shell of Gadolinium) but Fe ions
are antiferromagnetically coupled with their closest Gd ions.
As indicated in Fig. 3(b), the resulting coupling is JBA,single =
1.22 meV between Fe and Gd ions that form single bond
(and are distant by 2.783 Å) while it is JBA,four = 0.73 meV
between Fe and Gd ions that are tetrahedrally bonded (and
distant by 3.121 Å). As a result, the magnetic ordering of Gd
ions is governed by their interaction with Fe ions and is the
one depicted in Fig. 3(b).

In summary, we used first-principles techniques to dis-
cover a common and stable ppPv crystal structure in a
variety of ABX3 and A2O3 materials under pressure. Such
phase exhibits one-dimensional structural characteristics that
naturally lead to strong anisotropy and novel magnetic
orderings, and provides a plausible explanation for the N
phase that has been reported in Refs. [2,3]. Moreover,
the electronic band gap of this phase is highly dependent
on the system and can be of rather different nature and
magnitude. We hope that this Communication will encourage
researchers to confirm the predictions presently reported and
to determine properties associated with such novel crystal
structure.
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J. Íñiguez, Phys. Rev. B 83, 094105 (2011).

[24] P. E. Blochl, Phys. Rev. B 50, 17953 (1994).
[25] A. Togo, F. Oba, and I. Tanaka, Phys. Rev. B 78, 134106 (2008).
[26] W. S. Choi, D. G. Kim, S. S. A. Seo, S. J. Moon, D. Lee, J. H.

Lee, H. S. Lee, D.-Y. Cho, Y. S. Lee, P. Murugavel, J. Yu, and
T. W. Noh, Phys. Rev. B 77, 045137 (2008).

[27] P. Xiao, J.-G. Cheng, J.-S. Zhou, J. B. Goodenough, and
G. Henkelman, Phys. Rev. B 88, 144102 (2013).

[28] R. L. White, J. Appl. Phys. 40, 1061 (1969).
[29] H. J. Zhao, W. Ren, Y. Yang, X. Chen, and L. Bellaiche, J. Phys.:

Condens. Matter 25, 466002 (2013).
[30] C. Xu, Y. Yang, S. Wang, W. Duan, B. Gu, and L. Bellaiche,

Phys. Rev. B 89, 205122 (2014).
[31] S. Yakovlev, M. Avdeev, and M. Mezouar, J. Solid State Chem.

182, 1545 (2009).
[32] J. Santillan and S. H. Shim, AGU Fall Meeting No. MR23B-

0050 (2005).
[33] S. Ono, A. R. Oganov, T. Koyama, and H. Shimizu, Earth Planet.

Sci. Lett. 246, 326 (2006).
[34] R. Caracas and R. E. Cohen, Geophys. Res. Lett. 32, L16310

(2005).
[35] K. Umemoto, R. M. Wentzcovitch, and P. B. Allen, Science 311,

983 (2006).
[36] K. Umemoto, R. M. Wentzcovitch, D. J. Weidner, and J. B.

Parise, Geophys. Res. Lett. 33, L15304 (2006).

[37] B. Grocholski, S.-H. Shim, and V. B. Prakapenka, Geophys.
Res. Lett. 37, L14204 (2010).

[38] F. Gao, Y. Yuan, K. F. Wang, X. Y. Chen, J.-M. Liu, and Z. F.
Ren, Appl. Phys. Lett. 89, 102506 (2006).

[39] A. V. Krukau, O. A. Vydrov, A. F. Izmaylov, and G. E. Scuseria,
J. Chem. Phys. 125, 224106 (2006).

[40] M. OKeeffe, B. G. Hyde, and Bovin, Phys. Chem. Minerals 4,
299 (1979).

[41] R. Caracas and R. E. Cohen, Phys. Rev. B 76, 184101 (2007).
[42] H. Yusa, Y. Shirako, M. Akaogi, H. Kojitani, N. Hirao, Y. Ohishi,

and T. Kikegawa, Inorg. Chem. 51, 6559 (2010).
[43] Note, however, that Ref. [2] tentatively assigns a Pnnm space

group rather than Pnma for their N phase. It will thus be
interesting if the authors of Ref. [2] can check if Pnma better
describes their experimental data, especially once realizing that
Pnnm and Pnma share the same mmm point group.

[44] Note that, for comparison, the closest distance between Mg and
F ions that do not belong to the same octahedra is about 2.929 Å
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