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Sodium iridium (V) oxide, NaIrO3, was synthesized by a high pressure solid state method and recovered

to ambient conditions. It is found to be isostructural with CaIrO3, the much-studied structural analog of

the high-pressure post-perovskite phase of MgSiO3. Among the oxide post-perovskites, NaIrO3 is the

first example with a pentavalent cation. The structure consists of layers of corner- and edge-sharing

IrO6 octahedra separated by layers of NaO8 bicapped trigonal prisms. NaIrO3 shows no magnetic

ordering and resistivity measurements show non-metallic behavior. The crystal structure, electrical and

magnetic properties are discussed and compared to known post-perovskites and pentavalent per-

ovskite metal oxides.

Published by Elsevier Inc.
1. Introduction

MgSiO3 is a major component of the Earth’s lower mantle and
its structural transformations under pressure are of significant
importance in the geosciences. In 2004 Murakami et al. [1] and
Oganov and Ono [2] independently showed that MgSiO3 trans-
forms from a distorted perovskite to the high-pressure CaIrO3

structure-type at a pressure of �120 GPa. Until 2004, CaIrO3 was
the only oxide known to crystallize in this structure type, which is
now known as the post-perovskite structure. However, since 2004
several isostructural oxide post-perovskites have been identified:
CaPtO3 [3,4], CaRuO3 [5], CaRhO3 [6], CaSnO3 [7], MgGeO3 [8], and
MnGeO3 [9]. If including non-oxides, approximately 20 additional
members are known, e.g. NaMgF3 [10], NaZnF3 [11], ThMnSe3 [12],
and UMnSe3 [12]. The physical properties of post-perovskites
have been widely investigated as model systems for the post-
perovskite MgSiO3 [13]. This family of structures is also of interest
in materials science and, for example, Ohgushi et al. [14] found
that hole-doping of CaIrO3 leads to a metal–insulator transition
(MIT) concurrent with a destabilization of the long-range anti-
ferromagnetic order.

High pressure solid state synthesis with solid oxidants pro-
vides the means for stabilization of metals in high oxidation
states with correspondingly smaller ionic radii, and consequently
can lead to the preparation of new compounds and structure
Inc.

mholm).
types. Only a limited number of Na–Ir–O compounds are known,
i.e. Na4IrO4 [15], Na2IrO3 [16], and Na4Ir3O8 [17], which all contain
Ir(IV). Iridate structures are mostly found with tetravalent iridium
but some pentavalent compounds are known, e.g. KIrO3 [18],
Ba0.5IrO3 [19], La2LiIrO6 [20], and Ln3IrO7 (Ln¼Pr, Nd, Sm, Eu) [21]
as well a small number of hexavalent compounds, e.g.

Nd2K2IrO7 [22] and Sr2CaIrO6 [23]. In the search for a novel
pentavalent iridate perovskite we found that for NaIrO3 the post-
perovskite structure can be stabilized by pressure, the first
example of a pentavalent cation in the post-perovskite structure
type. Here, we report the synthesis and crystal structure of NaIrO3

and discuss the crystal chemistry. Furthermore, we have mea-
sured the physical properties and discuss these in relation to
expectations based on band structure calculations.
2. Materials and methods

NaIrO3 was prepared from a 1.5:1:4 ratio of Na2O2 (95%, Alfa
Aesar), Ir (99.95%, Alfa Aesar), and NaClO3 (99%, Alfa Aesar),
where the latter serves only as an oxidizer. The Na2O2 excess of
50% was used to compensate for loss of sodium during the
reaction. The precursor powders were weighed, ground and
loaded into a gold capsule in an argon glove box. The gold capsule
was placed in a boron nitride crucible and inserted in a pyro-
phyllite cube with a resistive graphite furnace. The sample was
pressurized to 4.5 GPa in a cubic multi-anvil press (Rockland
Research Corp.). The temperature was increased to 800 1C at a
rate of 50 1C/min. The temperature was controlled by an internal
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Table 1
Unit cell dimensions, atomic coordinates and isotropic thermal displacement parameters of NaIrO3 at ambient conditions, space group Cmcm (#63).

a¼3.03968(3) Å b¼10.3576(12) Å c¼7.1766(3) Å V¼225.97(1) Å3

RB¼0.065 RF¼0.050 Rwp¼0.20 r¼7.737 g cm�3

Atom Site (Wyckoff) x y z Biso (Å2)

Na1 4c 0 0.2507(8) 1/4 1.8(2)
Ir1 4a 0 0 0 0.39(3)
O1 4c 1/2 0.43766(10) 1/4 0.35(18)n

O2 8f 1/2 0.10159(6) 0.0568(10) 0.35(18)n

n Isotropic thermal parameters for the two oxygen sites were constrained to the same value.

3.04 Å

1.907 Å

 7  10  13  16  19  22  25  28  31  34  37  40
 -300

 -100

 100

 300

 500

 700

 900

2θ (degrees)

 In
te

ns
ity

 (a
rb

. u
ni

ts
)

 Yobs
 Ycalc
 Yobs-Ycalc
 Bragg position

NaIrO3 Cmcm

73
.2

106.8

2.25 Å

1.893 Å

2.46 Å
2.69 Å

2.5
7 Å

Fig. 1. (A) Rietveld refinement of the powder X-ray diffraction pattern of NaIrO3

(l¼0.69910 Å). The second row of Bragg reflections indicate impurity peaks from

metallic iridium, which in this sample occurs at the 20 wt% level. The inset shows

the unit cell of the post-perovskite NaIrO3. (B) Edge-sharing IrO6 octahedra viewed

along the b-axis, and (C) viewed along the corner-sharing oxygen to iridium bond.

(D) The NaO8 bicapped trigonal prism.
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thermocouple and kept constant for 30 min and then cooled at
50 1C/min before the pressure was released. The sample was
washed with deionized water to remove the NaCl produced by
the decomposition of the sodium chlorate oxidant and then
washed with methanol and dried at room temperature.

The polycrystalline sample was characterized by synchrotron
powder X-ray diffraction (PXRD) at beamline X16C at NSLS using
a 0.3 mm glass capillary (l¼0.69910 Å). A linear absorption
coefficient, m¼2.9 cm�1, was calculated from the elemental
composition, X-ray attenuation coefficients, and an estimated
capillary packing density. The diffraction peak profile was mod-
eled using a Thompson–Cox–Hasting pseudo-Voigt function and
the background was modeled using an 8th order polynomial. The
magnetic susceptibility was measured from 2 to 300 K in a
magnetic field of 1 T, the electrical resistivity from 2 to 300 K,
and the specific heat from 0.4 to 20 K using a compressed powder
sample (Quantum Design Physical Property Measurement System,
PPMS). The resistivity measurement was performed on a poly-
crystalline pellet (pressed at 4.5 GPa) using the standard four-
probe method with platinum leads and silver paste.

Electronic band structure calculations of NaIrO3 were per-
formed using the local density approximation (LDA) of density
functional theory (DFT) as implemented in the WIEN2k pack-
age [24], which is based on a full-potential linear augmented-
plane-wave method (FP-LAPW). The experimental lattice para-
meters and atomic coordinates were used (Table 1) with atomic
sphere radii of 2.31, 1.89, and 1.67 a.u. for Na, Ir, and O,
respectively. The Perdew–Burke–Ernzerhof generalized gradient
approximations potentials (PBE-GGA) were used. The energy
separating core and valence states were set to �7.2 Ry to avoid
core charge leaking. The cut-off wave-number Kmax for wave
functions in interstitial regions was set such that RmtKmax¼7,
where Rmt is the smallest atomic sphere radius. The integration
over the Brillouin zone was performed using 2000 k-points
(247 k-points in the irreducible zone). The energy convergence
criterion was 10�5 eV. No changes were observed upon lowering
convergence criterion or increasing the number of k-points or
RmtKmax. Spin–orbit coupling was included in the calculation for
the iridium atom as well as the relativistic local orbital basis
function (p1/2). For LDA+U calculations the Ueff (Ueff¼U–J) was set
to 1 eV, which is the approximate value expected for iridium [25].
3. Results

The powder X-ray diffraction pattern was initially indexed to
an orthorhombic unit cell, a¼3.04 Å, b¼10.36 Å, c¼3.59 Å (DIC-
VOL04 program [26]). However, closer inspection revealed a weak
peak from a 2c super cell ((h k l)¼(1 3 1)) and extinction rules
were used to identify a C-centered unit cell and the structural
solution verified the space group as Cmcm (#63). The structure
was solved using direct methods (FOX program [27]) and the
atomic coordinates were refined using the Rietveld method
(FullProf program suite [28]). Fig. 1 shows the excellent quality
of the fit. Refinement of the sodium site occupancy results in full
occupancy within the uncertainty and the occupancy was fixed to
the stoichiometric value for the final refinement. The crystal-
lographic data are listed in Table 1. Ir metal is present in all our
preparations of NaIrO3, it is a common impurity in the synthesis
of Ir oxides due to the stability of metallic Ir in oxidizing ambient
at high temperatures. Its content varies from approximately 5 to
20 wt% in different preparations and different positions in pres-
sure cell. Physical property measurements were made on samples
that had 10% or less Ir metal impurity.

The pentavalent iridium atoms in post-perovskite NaIrO3 are
six-fold coordinated to oxygen ions in octahedra. These octahedra
share edges along [1 0 0] and corners along the [0 0 1], i.e. there
are sheets of octahedra with Ir atoms in a tetragonal arrangement
in the ac-plane (Fig. 1A, inset). The average Ir–O bond length is
1.898 Å with little difference in the individual Ir–O bond lengths,
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0.0138 Å (2�1.9068(4) and 4�1.8930(16) Å, Fig. 1B). However,
the shape of the octahedra is strongly deformed, showing an
O2-Ir–O2 angle of 73.21 instead of the 901 in a regular octahedron
(Fig. 1C). The Ir–Ir distance between edge sharing octahedra is
3.03967(3) Å, which means that there is no metal–metal bonding
because Ir–Ir bond distances typically fall in the range
2.6–3.0 Å [29]. On the contrary, the strong deformation of the
octahedra indicates a strong electrostatic repulsion of the penta-
valent iridium ions. The sodium atoms are located in between the
layers and are coordinated to 8 oxygen atoms with an average
bond length of 2.572 Å. The NaO8 polyhedron is a bicapped
trigonal prism (Fig. 1D).
Fig. 3. Resistivity (r) of NaIrO3 measured from 2 to 300 K showing highly resistive

behavior. Inset (A) shows log(r) vs. 1/T in the temperature range corresponding to

50oto300 K. Inset (B) shows a fit to a variable range hopping model with

dimension, d¼2, in the temperature range 2oto50 K.

Fig. 4. CP/T vs. T2 at low temperatures. The solid blue line is a fit to Eq. (2) and the

dotted red line is a fit to Cp for 3 Koto10 K excluding the A-term. The inset

shows the specific heat, Cp vs. T from 0.5 to 20 K.
4. Physical properties

The magnetic susceptibility of NaIrO3 shows no evidence for
magnetic ordering below 300 K and follows Curie–Weiss behavior
in addition to a dominant negative temperature independent
contribution over much of the temperature range of measure-
ment (Fig. 2). Thus, the observed magnetic susceptibility was
modeled by:

wðTÞ ¼ C=ðT�yW Þþw0 ð1Þ

where C is the Curie constant, yW is the Weiss temperature and w0 is
the temperature-independent diamagnetic term. The Curie–
Weiss parameters obtained are: yW¼�2.2 K, C¼9.7�10�3 emu K
mol�1 Oe�1, meff¼0.28 mB/Ir, and w0¼�1.9�10�3 emu mol�1 Oe�1

(corrected for the elemental core diamagnetism of Ir5+ (�2�
10�5 emu mol�1 Oe�1 [30]) and the sample container contribution
(�2.5�10�4 emu mol�1 Oe�1)). The observed weak moment of
meff¼0.28 mB/Ir is much smaller than the expected moment for a
low spin 5d4 ion in an octahedral field with degenerate t2g orbitals
(t2g

4 , S¼1, meff¼2.83 mB/Ir). This may represent a low intrinsic itinerant
moment, but given the low value of yW and the small observed Curie
constant, it is likely that the low temperature Curie tail is due to the
presence of a small proportion of paramagnetic impurities in the
sample: 0.9 mol% of a spin 1 impurity would account for the
paramagnetism.

The electrical resistivity at room temperature is 0.06 O cm and
increases monotonically upon cooling, reaching 400 O cm at 2 K
(Fig. 3). These data indicate that NaIrO3 is non-metallic. An effective
activation energy electron conduction model, as would be seen for a
simple semiconductor, predicts an exponential temperature depen-
dent resistivity, r(T)aexp(DEeff/kBT), i.e. a linear behavior of log(r) vs.
1/T (Fig. 3, inset A). No linear temperature range is found. Instead a
variable range hopping (VRH) model [31], r(T)¼r0exp(T0/T1/(d+1)),
where d is the dimensionality of the hopping, is found to describe
Fig. 2. The magnetic susceptibility, w, of NaIrO3. The inset shows a Curie–Weiss

plot with a fit to the Curie–Weiss law, Eq. (1).
the resistivity well for To50 K with a dimensionality, d¼2 and
T0¼1.7(1)�103 K. This model is inadequate for higher tempera-
tures, however, where no simple model fits the observed data. The
contribution from grain-boundary resistance is expected to be
insignificant because the pellet was pressed at 4.5 GPa. The only
impurity detectable with PXRD is metallic Ir. Although the influ-
ences of grain boundary resistivity and Ir metal impurity may be
present, we conclude that NaIrO3 has an unusual hopping-type
resistivity, from which we infer the presence of a defective lattice
and a low carrier concentration in a material that is intrinsically a
semiconductor. Further experiments on single crystals will be of
interest for a detailed analysis.

The low temperature heat capacity (0.4oTo20 K) shows no
peaks, consistent with the absence of low temperature magnetic
ordering or structural phase transitions. A plot of Cp/T vs. T2 shows
linear behavior from 3 to 10 K (Fig. 4). Below 3 K, CP/T diverges as
T-0 K, and the data was fitted by including an additional term:

Cp ¼ AþgTþbT3 ð2Þ
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where the g and b are the coefficients for the electronic and the
lattice vibration contributions to the specific heat, respectively.
The additional term, A, describes a constant contribution that only
becomes significant below 3 K (A¼5.9(2) mJ mol�1 K�1). The
origin of this contribution is not known. The value of b is
0.3110(4) mJ mol�1 K�4 and corresponds to a Debye tempera-
ture, yD, of 315(1) K. The electronic contribution to the specific
heat is found to be small, g¼4.0(2) mJ mol�1 K�2. Although the
measurements show that NaIrO3 is highly resistive at low
temperatures, the small but non-zero electronic specific heat
coefficient, g, suggests that the electronic structure of NaIrO3

may not be fully gapped at the Fermi level.
5. Electronic structure calculation

To further illuminate the electronic properties of NaIrO3, we
calculated the electronic band structure. The rather weak orbital-
dependence of the exchange correlation energy in DFT calcula-
tions means that the strong on-site Coulomb repulsion in systems
with narrow d-bands is underestimated. Consequently, the DFT
calculations often produce metallic ground states or band gaps
smaller than experimentally observed. LDA+U corrections are
commonly used to obtain a more accurate description. Thus, we
applied the LDA+U corrections to the 5d-wave functions of
NaIrO3. Furthermore, spin–orbit coupling can have a strong
influence on the electronic band structures for heavy elements
such as Ir, and is exemplified by the electronic structure of
Sr2IrO4 [32]. The electronic band structure is shown in Fig. 5. In
spite of the inclusion of SO coupling and a moderate Ueff value, the
band structure shows a significant DOS at the Fermi level, n(EF),
indicating that NaIrO3 should be metallic, contradicting the
experimental resistivity data. For comparison we also calculated
the electronic structure using LDA. When comparing a simple
non-magnetic calculation and the spin-polarized LDA+U+SO
there are only very small differences and the general character-
istics of the density of state (DOS) are reproduced (Fig. 5B and C).

The 5d orbitals are more extended compared to 4d and
particularly the 3d orbitals. Hybridization of the Ir 5d and O 2p
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Fig. 5. Electronic band structure of NaIrO3 calculated with spin-polarization LDA+U+SO

simple LDA calculation for comparison.
orbitals is therefore much more pronounced, as are the 5d–5d

orbital interactions. The LDA band structure features the Ir 5d

bands of eg and t2g components separated by a large octahedral
crystal field splitting, Doct¼2 eV, which, for NaIrO3 is extends
from �0.9 to �3 eV above EF. The eg bands are located 3 eV above
EF and the t2g bands extend from 2 eV below EF to 0.9 eV above EF.
A nominal configuration of 5d4 Ir5 + may reasonably be expected
due to simple electron counting and the octahedral crystal field,
forming paired electrons in the 5dzx and 5dyz orbitals, resulting in
a non-magnetic ground state of S¼0. However, the calculations
indicate that this simple orbital picture does not hold. Although
the transport properties definitively show NaIrO3 to be non-
metallic, the electronic structure calculations, even including a
reasonable value for Ueff and spin–orbit coupling, indicate that
NaIrO3 should be metallic. The reasons for the problem with the
modeling of the system by electronic structure calculations are
not known, but it may be that either Ueff is much larger than the
value we have employed, or the compound is antiferromagneti-
cally ordered at room temperature; such ordering could open up a
gap within the t2g 5d bands.

Similar band structure characteristics have been reported for
the post-perovskite CaRhO3 (Rh4 +, 4d5) [33,34]. As for NaIrO3,
LDA+U calculations suggest that CaRhO3 should be metallic,
while the experimental resistivity shows that it is a thermally
activated semiconductor with DEeff¼38 meV. However, unlike
NaIrO3, CaRhO3 shows evidence for unusual AFM ordering at
90 K with 2.99 mB/Rh and yW¼�1071 K [34]. Other post-perovs-
kites such as CaPtO3 [3] and CaIrO3 [35] also show semiconduct-
ing or insulating behavior, and CaRuO3 (Ru4 +, 4d4) shows low-
dimensional magnetism at 470 K, and long-range magnetic order
near 270 K [36].
6. Crystal chemistry of post-perovskites

Comparing the unit cell of NaIrO3 to those of the known
CaB4 +O3 oxide post-perovskites (B¼ Ir, Pt, Ru, Rh), shows that
the a and c dimensions of NaIrO3 are shorter than those of
CaB4 +O3, while the b-axis is longer in NaIrO3 (Table 2). This is
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Table 2
Crystallographic data for NaIrO3, previously reported quenchable post-perovskite metal oxides and MgSiO3. CaSnO3 is not included because only the unit cell volume at

ambient pressure was reported by Tateno et al. [7].

ABO3 NaIrO3 CaIrO3 CaPtO3 CaRuO3 CaRhO3 MgSiO3
n

Ref. Present study Hirai et al. [42] Ohgushi et al. [3] Kojitani et al. [5] Shirako et al. [6] Murakami et al. [1]

a [Å] 3.03968(3) 3.1430 3.12607 3.1150 3.1013 2.456

b [Å] 10.3576(12) 9.8569 9.91983 9.8268 9.8555 8.042

c [Å] 7.1766(3) 7.2924 7.35059 7.2963 7.2643 6.093

V [Å3] 225.95(3) 225.92 227.942 223.34 222.03 120.34

A 4c

x 0 0 0 0 0 0

y 0.2507(8) 0.25025 0.2500 0.2512 0.2521 0.253

z 1/4 1/4 1/4 1/4 1/4 1/4

B 4a

x 0 0 0 0 0 0

y 0 0 0 0 0 0

z 0 0 0 0 0 0

O1 4c

x 1/2 1/2 1/2 1/2 1/2 1/2

y 0.43766(10) 0.4243 0.4253 0.4308 0.4279 0.423

z 1/4 1/4 1/4 1/4 1/4 1/4

O2 8f

x 1/2 1/2 1/2 1/2 1/2 1/2

y 0.10159(6) 0.1276 0.1230 0.1281 0.1226 0.131

z 0.05681(10) 0.0507 0.0451 0.0528 0.0548 0.064

n 121 GPa–300 K.

Table 3
Bonding geometry for NaIrO3 and previously reported post-perovskite metal oxides, ABO3.

NaIrO3 CaIrO3 CaPtO3 CaRuO3 CaRhO3 MgSiO3
n

Ref. Present study Hirai et al. [42] Ohgushi et al. [3] Kojitani et al. [5] Shirako et al. [6] Murakami et al. [1]

Interatomic distance [Å]

B-O1�2 1.9068(4) 1.970 1.981 1.947 1.950 1.644

B-O2�4 1.8930(16) 2.047 2.010 2.039 2.006 1.664

Average B-O 1.8976 2.021 2.000 2.008 1.987 1.657

B-O1–B-O2 0.0138 �0.026 �0.010 �0.031 �0.056 �0.020

B-site BVS nce 6.3 4.0 4.3 3.8 4.0nn 5.5

A-O1�2 2.461(7) 2.330 2.3382 2.353 2.325 1.838

A-O2�4 2.573(6) 2.454 2.5085 2.441 2.458 1.938

A-O2�2 2.681(8) 2.504 2.5097 2.508 2.535 2.129

Average 2.572 2.436 2.4662 2.436 2.444 1.961

Bond angle [deg.]

O1-B-O2 90.826(6) 93.76 94.25 92.2 92.0 91.2

O2-B-O2 73.186(1) 79.66 77.94 80.4 78.7 84.9

B-O1-B 140.414(1) 135.47 136.08 139.0 137.3 135.8

n 121 GPa, 300 K
nn No R0 value has been reported for Rh4+-O and the value for Ru4+-O has been assumed.
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as expected based on ionic radii, ri(Ir5 +)ori(B4 +) (57 pm vs.
62–62.5 pm) and ri(Na+)4(Ca2 +) (118 vs. 112 pm) [37]. When
comparing the bond angles, NaIrO3 shows both the largest
octahedral tilting and largest deformation of the BO6 octahedra.

In NaIrO3 the bond valence sum (BVS) of the Na+–O is 1.0 as
expected, while that of Ir5 +–O is 6.3 [38], much larger than
expected for Ir5 + . The over-bonding can to some extent be
explained by the strong deformation of the octahedra and the
expected high covalence of the Ir5 +–O bond. However, for other
pentavalent iridium oxides, the average Ir–O distances are typi-
cally in the range 1.92–1.99 Å [18,21], significantly longer than
the 1.90 Å reported here for NaIrO3. Bond valence calculations are
referenced to average values and may not be applicable in all
cases. The NaIrO3 post-perovskite displays a different type of
structure and no other Ir(V)–O bonds are available for a direct
comparison. The apparently short Ir–O bond lengths in NaIrO3

could be an underestimate caused by the presence of correla-
ted atomic motion, just as has been observed in the CaIrO3
post-perovskite by comparison of Rietveld refinement and total
scattering modeling (PDF), which found that the Rietveld deter-
mined Ir4 +–O bond lengths were underestimated by �0.15 Å at
300 K [39]. Alternatively, the strong deformation of the octahedra
could be a factor, indicative of strong crystallographic strain in the
system, which significantly impacts bond valence determinations.

Table 3 summarizes the bonding geometry for NaIrO3 and
previously reported post-perovskite metal oxides. In all cases of
post-perovskite oxides the B–O bonds have strong covalent character.
The largest B–O bond length differences are observed for CaIrO3 (Ir4+,
5d5, t2g

5 ) and CaRuO3 (Ru4+, 4d4, t2g
4 ) and must be attributed to Jahn–

Teller distortion, which is not expected for CaPtO3 (Pt4+, 5d6, t2g
6 ).

Although NaIrO3 (Ir5+, 5d4, t2g
4 ) is weakly Jahn–Teller active, it shows

the lowest bond difference and is the only compound in the family
for which the metal–oxygen apex bond is the shorter bond (although
not by much). All oxide post-perovskites have a high electronegativity
of the B ions, (e.g. wP,Ir¼2.20, DwP(Ir–O)¼1.24, covalent character
fi¼exp(�DwP

2/4)¼0.7, Table 5).



Table 5
Goldsmith tolerance factor for perovskite (t), post-perovskite tolerance factor (t0),

and electronegativity difference (DwP) for ABX3-type post-perovskite compounds.

Ionic radii are from Shannon35 with coordination number (CN): CN(A)¼8,

CN(B)¼6, CN(X)¼6 except for U3 +, where CN¼6.

Compound Goldsmith t Post-perovskite t’ DwP Reference

NaIrO3 0.926 0.958 1.24 Present study

MgSiO3 0.900 0.837 1.54 Murakami et al. [1]

MgGeO3 0.839 0.865 1.43 Hirose et al. [8]

CaIrO3 0.880 0.854 1.24 Hirai et al. [42]

CaPtO3 0.880 0.872 1.16 Ohgushi et al. [3]

CaRuO3 0.882 0.858 1.24 Kojitani et al. [5]

CaRhO3 0.891 0.870 1.16 Shirako et al. [6]

NaMgF3 0.866 0.845 2.67 Martin et al. [41]

KTmI3 0.812 0.828 1.41 Schilling et al. [44]

UScS3 0.784 0.806 1.22 Julien et al. [45]

ThMnSe3 0.765 0.789 1.00 Ijjaali et al. [12]

UMnSe3 0.752 0.779 1.00 Ijjaali et al. [12]

LaYbS3 0.783 0.799 1.48 Mitchell et al. [46]

REYbSe3
n 0.759–0.780 0.780–0.797 1.45 Mitchell et al. [46]

n RE¼La, Ce, Pr, Nd, and Sm.
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The best-known measure of perovskite distortion is the Gold-
smith tolerance factor, t¼(rA+rX)/(O2(rB+rX)), where rA, rB and rX

are tabulated values [37] of the ionic radii at ambient pressure of
the A, B and X ions, respectively. For ABX3-type post-perovskites,
Ohgushi et al. [3] introduced an extension of the tolerance factor
t0 ¼dA�X/(O2dB�X)), where dA�X and dB�X are the experimentally
determined average A�X and B�X bond distances, respec-
tively. Table 5 shows the perovskite and post-perovskite tolerance
factors for most of the known ABX3-type post-perovskites.

The tolerance factors of previously reported post-perovskites all
fall in the ranges from 0.75oto0.90 to 0.78ot0o0.87 with an
average value of 0.82 in both cases. Post-perovskites with chalco-
genides show the lowest values (0.752oto0.78), fluorine and
iodine compounds show intermediate values (0.81oto0.87),
while the oxides show the highest values (0.84oto0.90). The
case of NaIrO3 stands out with the highest values of t and t0

reported so far (�0.93 and �0.96, respectively). The values of both
tolerance factors (t and t0) for NaIrO3 fall comfortably within the
range observed for perovskites, 0.75oto1.05, and thus clearly the
expected orthorhombic distortion suggested by the tolerance
factor alone has a low predictive power for the existence of post-
perovskites.

Thus, despite the fact that NaIrO3 has a nearly ideal Goldsmith
perovskite tolerance factor, high pressure stabilizes the post-
perovskite rather than the perovskite phase. This is likely due to
the covalence of the bonding, which causes a linear O–Ir–O
geometry to be unfavorable. The covalence of the Ir–O bond as
a controlling factor in the stabilization of the post-perovskite has
been previously discussed by Ohgushi et al. [3].

An investigation of the structural transformation paths dee-
pens the understanding of the driving force that leads to stabili-
zation of the post-perovskite structure and gives important
insight useful in the search for new post-perovskite compounds.
As in MgSiO3, most post-perovskites transform under pressure
from the GdFeO3-type perovskite (S.G. Pnma) to the post-perovs-
kite. Approximately 60% of perovskites are of the GdFeO3-
type [40] and a high number of post-perovskites are therefore
expected to be stabilized under pressure, although relatively few
have been observed. In at least one case, CaRhO3, an intermediate
monoclinic phase was observed before the transformation to
post-perovskite.

The ratio of the volume of the AO12 and BO6 polyhedra in
GdFeO3-type perovskites that transform to post-perovskites
shows a trend identified by Martin et al. [41] The AO12 to BO6

polyhedra volume ratio can be expressed as VA/VB¼(VCell/4�VB)/
VB. In the post-perovskites, the space not occupied by BO6

octahedra is assigned to AO8. For all cases where the post-
perovskite is stable under ambient conditions, VA/VBo�4
(Table 4). For systems where the polyhedra ratio decreases
with pressure, the post-perovskite can be pressure-stabilized,
Table 4
Tilt-angle, F, for perovskites (PV, GdFeO3-type) and polyhedra ratio, VA/VB, for the corr

Compound PV, octahedral tilt,

F¼cos�1(O2a2/bc)

Poly

(VCel

NaIrO3 No perovskite known 5.48

MgSiO3
n Unstable at 1 atm. 3.97

MgGeO3
n Unstable at 1 atm. 4.28

CaIrO3 19.4 4.32

CaPtO3 No perovskite known 4.46

CaRuO3 16.2 4.25

CaRhO3 19.2/19.0 4.41

NaMgF3 15.2 3.94

n Values calculated using the reported structural parameters under pressure becau

MgSiO3 and 78 GPa for MgGeO3.
i.e. transitions can occur when dVA/dP4dVB/dP and are found to
occur approximately when VA/VBo�4 (Table 4).

Another strong indicator of the potential for a phase transfor-
mation between perovskite and post-perovskite forms is the
octahedral tilt-angle of the GdFeO3-type perovskites, F¼cos�1

(O2a2/bc). Transformation to the post-perovskites occurs when
the F reaches a value of 251, which is effectively a different
expression of the condition VA/VBffi4. For cases where F in the
perovskite is larger than 131 at ambient conditions, the post-
perovskite is often found to be quenchable. In cases where F is
smaller, no transformations are observed since the perovskites
become more regular. The study by Tateno et al. [7,9] shows this
effect: under pressure MnGeO3 becomes increasingly distorted
while the opposite occurs for CdGeO3.

The present study expands the chemical variation of post-
perovskite oxides to include pentavalent metal ions. The large
polyhedra volume ratio of NaIrO3 (VA/VB¼5.48) compared to
tetravalent post-perovskites suggests that the transition to post-
perovskite for pentavalent cases can occur at higher ratios.
Additional compounds with similar chemistry can be expected
to be stabilized in this structure type under pressure as well.
These have to be highly electronegative M ions, making the most
obvious candidates the 4d and 5d transition metals, and, in
particular, the platinum group metals. Mo, W, and Re, although
being highly electronegative, form cubic bronzes under pressure.
Nb and Ta form distorted perovskites but the electronegativities
of these (wP,Nb¼1.6 and wP,Ta¼1.5) are too low to stabilize the
post-perovskite structure except potentially at extreme pressures
as for MgSiO3 (DwP(Si–O)¼1.54) and unquenchable to ambient
esponding post-perovskites.

hedra ratio

l/4–VB)/VB

Reference

Present study

Murakami et al. [1]

Hirose et al. [8]

McDaniel and Schneider [43]/Hirai et al. [42]

Ohgushi et al. [3]

Kojitani et al. [5]

Yamaura et al. [34]/Shirako et al. [6]

Martin et al. [41]

se these post-perovskites cannot be recovered to ambient conditions, 121 GPa for
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pressure. Of particular interest would be the preparation of
quenchable ABO3 post-perovskites where the B cations have
unpaired electrons and anisotropic magnetic properties and
electron–electron correlations are expected. Currently, only three
such systems are known (CaRuO3, CaRhO3, and CaIrO3).
7. Conclusion

A novel post-perovskite compound, NaIrO3, with pentavalent
iridium ions was obtained by high-pressure synthesis at a
relatively moderate pressure of 4.5 GPa. The crystal structure
refinement shows that NaIrO3 has substantially deformed IrO6

octahedra with rather short Ir–O bonds, consistent with the
covalence of the bonds and electrostatic repulsion of the Ir atoms.
Measurement of the resistivity shows a non-trivial behavior,
fitting variable range hopping in 2D at temperatures below
50 K. The magnetic susceptibility shows only a weak moment,
suggesting that either the Ir is non-magnetic in this compound or
that magnetic ordering may have occurred above ambient tem-
perature. Band structure calculations that include spin–orbit
coupling and a moderate value of electron repulsion do not
explain the observed highly resistive character of the phase.
The discovery of a NaIrO3 post-perovskite expands the chemical
variation of the post-perovskite family and suggests that a
significant number of compounds with this structure type are
still to be found, mainly within the platinum group metals.
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Geophys. Res. Lett. 32 (4) (2005) L04304.

[11] S. Yakovlev, M. Avdeev, M. Mezouar, J. Solid State Chem. 182 (6) (2009)
1545–1549.

[12] I. Ijjali, K. Mitchell, F.Q. Huang, J.A. Ibers, J. Solid State Chem. 177 (1) (2004)
257–261.

[13] S.H. Shim, Annu. Rev. Earth Planet. Sci. 36 (2008) 569–599.
[14] K. Ohgushi, H. Gotou, T. Yagi, Y. Kiuchi, F. Sakai, Y. Ueda, Phys. Rev. B 74 (24)

(2006) 241104 R.
[15] K. Mader, R. Hoppe, Z. Anorg. Allg. Chem. 619 (10) (1993) 1647–1654.
[16] Y. Singh, P. Gegenwart, Phys. Rev. B 82 (6) (2010) 064412.
[17] Y. Okamoto, M. Nohara, H. Aruga-Katori, H. Takagi, Phys. Rev. Lett. 99 (13)

(2007) 137207.
[18] R. Hoppe, K. Claes, J. Less-Common Metals 43 (1) (1975) 129–142.
[19] A.W. Sleight, Mater. Res. Bull. 9 (9) (1974) 1177–1184.
[20] K. Hayashi, G. Demazeau, M. Pouchard, P. Hagenmuller, Mater. Res. Bull.

15 (4) (1980) 461–467.
[21] J.F. Vente, D.J.W. Ijdo, Mater. Res. Bull. 26 (12) (1991) 1255–1262.
[22] S.J. Mugavero, M.D. Smith, W.S. Yoon, H.C. zur Loye, Angew. Chem. Int. Ed. 48

(1) (2009) 215–218.
[23] D.Y. Jung, G. Demazeau, J. Solid State Chem. 115 (2) (1995) 447–455.
[24] P. Blaha, K. Schwarz, G. Madsen, D. Kvasnicka, J. Luitz, WIEN2k, An

Augmented Plane Wave+Local Orbitals Program for Calculating Crystal
Properties, Karlheinz Schwarz, Techn. Universität Wien, Austria, 2001.

[25] H. Takagi, Y.B. Kim, private communication.
[26] A. Boultif, D. Louer, J. Appl. Cryst. 37 (2004) 724–731.
[27] V. Favre-Nicolin, R. Cerny, J. Appl. Cryst. 35 (2002) 734–743.
[28] J. Rodriguez-Carvajal, Physica B 192 (1-2) (1993) 55–69.
[29] R. Della Pergola, L. Garlaschelli, M. Manassero, M. Sansoni, J. Cluster Sci. 10

(1) (1999) 109–119.
[30] P.W. Selwood, Magnetochemistry, 2nd Edn., Interscience Publishers, New

York, 1956.
[31] N.F. Mott, Philos. Mag. 19 (160) (1969) 835–852.
[32] B.J. Kim, H. Jin, S.J. Moon, J.Y. Kim, B.G. Park, C.S. Leem, J. Yu, T.W. Noh, C. Kim,

S.J. Oh, J.H. Park, V. Durairaj, G. Cao, E. Rotenberg, Phys. Rev. Lett. 101 (7)
(2008) 076402.

[33] S.F. Matar, G. Demazeau, A. Largeteau, Solid State Sci. 12 (3) (2010) 373–378.
[34] K. Yamaura, Y. Shirako, H. Kojitani, M. Arai, D.P. Young, M. Akaogi, M. Nakashima,

T. Katsumata, Y. Inaguma, E. Takayama-Muromachi, J. Am. Chem. Soc. 131 (7)
(2009) 2722–2726.

[35] T. Tsuchiya, J. Tsuchiya, Phys. Rev. B 76 (14) (2007) 144119.
[36] G.H. Zhong, Y.L. Li, Z. Liu, H.Q. Lin, J. Appl. Phys. 107 (9) (2010) 09E102.
[37] R.D. Shannon, Acta Crystallogr., Sect. A, Found. Cryst. 32 (1976) 751–767.
[38] I.D. Brown, D. Altermatt, Acta Crystallogr., Sect. B: Struct. Sci. 41 (1985)

244–247.
[39] C.D. Martin, J. Appl. Cryst. 41 (2008) 776–783.
[40] G.H. Li, Y.H. Thing, Y.Z. Zeng, C.M. Wang, P. Wu, J. Phys. Chem. Solids 64 (11)

(2003) 2147–2156.
[41] C.D. Martin, W.A. Crichton, H.Z. Liu, V. Prakapenka, J.H. Chen, J.B. Parise, Am.

Miner. 91 (10) (2006) 1703–1706.
[42] S. Hirai, M.D. Welch, F. Aguado, S.A.T. Redfern, Z. Kristallogr. 224 (7) (2009)

345–350.
[43] C.L. McDaniel, S.J. Schneider, J. Solid State Chem. 4 (1972) 275–280.
[44] G. Schilling, C. Kunert, T. Schleid, G. Meyer, Z. Anorg. Allg. Chem. 618 (12)

(1992) 7–12.
[45] R. Julien, N. Rodier, V. Tien, Acta Crystallogr., Sect. B: Struct. Sci. 34 (1978)

2612–2614.
[46] K. Mitchell, R.C. Somers, F.Q. Huang, J.A. Ibers, J. Solid State Chem. 177 (3)

(2004) 709–713.


	NaIrO3--A pentavalent post-—perovskite
	Introduction
	Materials and methods
	Results
	Physical properties
	Electronic structure calculation
	Crystal chemistry of post-perovskites
	Conclusion
	Acknowledgments
	References




