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BalrO; adopts the 9R polytype structure if it is synthesized at ambient pressure. High-pressure and high-
temperature treatments up to 10 GPa have led to other 5H and 6H polytype phases, which are quenchable to the
ambient condition. However, the single-phase 3C perovskite, the end member of polytypes, has not been obtained
so far. Here we report the high-pressure synthesis of BalrO; perovskite under 25 GPa and 1150 °C. Rietveld
refinement on the powder x-ray diffraction pattern revealed that this new compound crystallizes in a tetragonal
14 /mcm structure rather than the expected cubic Pm-3m structure. The new perovskite is a Pauli paramagnetic
metal with a Fermi liquid ground state, i.e., p o T2 below 6 K. The availability of BalrO; perovskite also allows
completion of the structure-physical property evolution in the AIrO; perovskites (A = Ca, Sr, Ba). The Fermi
energy located in bands originated from Ir: 5d and O: 2p electrons are found to be very sensitive to the change

of crystal structure.
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I. INTRODUCTION

Recently, iridium oxides with perovskite-related structures
have attracted much attention owing to the emergence of novel
electronic states associated with a large spin-orbit coupling
(SOC) on the heavy Ir atom. One such state is the effective
total angular moment Joi = 1/2 state."? In order to explain
the insulating ground state of single-layer St,IrO,, Kim et al.!
proposed that the ,, band of low-spin Ir** (54°) in an
octahedral site splits into a lower energy Jes =3/2 quartet
band and a high-energy Jeir = 1/2 doublet band in the strong
SOC limit. As a result, a moderate on-site Coulomb repulsion
U can open a Mott gap within the narrow, half-filled Jeg = 1/2
band, leading to a SOC-driven Mott insulating state. Although
the electronic correlation energy, U ~ 0.5 eV, is relatively small
in these 5d oxides, SOC amplifies the effect of U through
narrowing the bandwidth (W) of the conduction Jeg=1/2
band. As a consequence, the magnetic insulating ground state
prevails in the postperovskite CalrO; and the nine-layer (9R)
BalrO; (Refs. 3 and 4).

Although a bandwidth-controlled insulator-to-metal tran-
sition has been reported in the Ruddlesden-Popper series
St +11r, 03,41 with increasing number n of perovskite layers,
which closes up the gap due to correlations in the Jeg=1/2
band,’ the three-dimensional perovskite SrlrOz (n = 00) was
found to be a strange metal, as manifested by a broad
upturn of resistivity at low temperatures.® Such an unusual
behavior can be rationalized in light of the recent theoretical
analysis by Carter et al. "8 Their first-principles calcula-
tions on the orthorhombic SrlrO; perovskite revealed that
(1) SOC renormalizes strongly the band structure and retains
the Jegr = 1/2 band near the Fermi level, and (2) the reflection
symmetry at the z = i and % planes of the orthorhombic lattice
results in a robust line node within the Jei = 1/2 band near
the Fermi level, leading to a semimetal state with a small
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density of states at Ep. Although the six-layer (6H) SrlrOs,
the ambient-pressure polymorph of the perovskite phase,’ is
metallic down to the lowest temperature, a non-Fermi liquid
(nFL) ground state has been reported due to the proximity to a
magnetic quantum critical point (QCP).!? However, a metallic
phase, especially having a Fermi liquid ground state, derived
from a half-filled Je& = 1/2 band has not been seen in the
stoichiometric Ir*+ oxides to date.

The BalrO; perovskite would be an ideal candidate to be
a Pauli paramagnetic metal. Because of its tolerance factor
= (Ba—O)/\/i(Ir—O) =1.05 > 1, however, BalrO3 adopts
at ambient pressure a monoclinically distorted nine-layer (9R)
structure consisting of Ir3 Oy, trimers of face-sharing octahedra
linked via vertex sharing to form quasi-one-dimensional (1D)
columns along the ¢ axis. Equivalently, the crystal structure
can be described as a stacking of layers of corner-sharing
(O©) and face-sharing (F) IrOg/, octahedra in the sequence
CFFCFFCFF along the ¢ axis. As mentioned above, this
compound is a weak ferromagnetic insulator.* By treating the
9R phase at 1000 °C under various pressures up to 10 GPa, we
have obtained three more polytypes, i.e., SH, 6H, and 3.
Among them, the former two can be stabilized as single-phase
compounds. Although they are found to be metallic in general,
the resistivity of the 5SH phase exhibits a sudden drop at
about 3.4 K followed by a semiconductor behavior on further
cooling.'? Similar to the aforementioned 6H SrIrOs, the 6H
BalrO; also displays nFL behavior, ie., p o T3/3, in the
vicinity of a QCP.!? On the other hand, the perovskite 3C
phase was only identified as a minor phase (~5%) that coexists
with the 6H phase in a high-pressure synthesis under 10 GPa,
the highest pressure in our previous study.!' Much higher
pressures are required in order to stabilize a phase-pure BalrO3
perovskite. Following this lead, we have been searching for the
single-phase BalrO; perovskite in an extended pressure range
by using state-of-the-art multianvil high-pressure techniques.

©2013 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.88.205114

J.-G. CHENG et al.

In this paper, we report for the first time the synthesis of
single-phase BalrO3; perovskite under 25 GPa and 1150°C
followed by a detailed characterizations of its crystal structure
and physical properties. Surprisingly, the obtained BalrO;
perovskite adopts a tetragonal 14/mcm structure rather than
the expected cubic Pm-3m structure. In addition, it was found
to be a Pauli paramagnetic metal exhibiting a Fermi liquid
behavior at low temperatures. Thus, the BalrO; perovskite
represents the only case of a Fermi liquid metal among the
known stoichiometric Ir*t oxides. Moreover, the availability
of BalrO; perovskite enables us to finally complete the
structure-physical property evolutions in the BalrO; polytypes
and the AIrO; perovskites (A = Ca, St, Ba). It has been shown
that physical properties are extremely sensitive to the crystal
structure.

II. EXPERIMENTAL

High-pressure and high-temperature (HPHT) syntheses in
the present study were carried out with a Kawai-type multianvil
apparatus at Gakushuin University.!> Tungsten carbide (WC)
anvils of 5-mm truncated edge length (TEL) and a semisintered
MgO octahedron of 10-mm edge length (EL) were used for
HPHT syntheses up to 18 GPa; WC anvils of 2.5-mm TEL and
an MgO octahedron of 5-mm EL were used for syntheses up
to 25 GPa. Temperature was monitored by an R-type (Pt/Pt-
13%Rh) thermocouple with the hot junction positioned in the
center of the Pt furnace.

Phase purity of the recovered high-pressure products
was examined by powder x-ray diffraction (XRD) at room
temperature with a Rigaku RINT 2500 diffractometer (Cr
K, 45 kV, 250 mA). The XRD pattern recorded in the 26
range 20-140° with a step size 0.02° and a dwell time 12 s
was analyzed with the Rietveld method by using the software
RIETAN-FP.'"* The split pseudo-Voigt function of Toraya'’
was used as a profile function. The surface roughness with
Sidey’s model'® was also refined in the Rietveld analysis.
Atomic displacement parameters of oxygen were fixed to
0.8 A2. Magnetic properties were measured with a commer-
cial superconducting quantum interference device (SQUID)
magnetometer (Quantum Design). Measurements of electrical
resistivity and specific heat were performed in a Physical
Property Measurement System (Quantum Design).

III. RESULTS AND DISCUSSION

In our previous study,'' we have shown that the ambient
9R phase is stable up to 3 GPa; it transforms to a new SH
phase at about 4 GPa and then to the 6H phase at 5 GPa.
Our present study further shows that the 6H phase remains
stable up to 18 GPa at 1000 °C. We finally obtained a single-
phase BalrO; perovskite at 25 GPa and 1150 °C. Its powder
XRD pattern shown in Fig. 1 displays a clear peak splitting,
especially at high angles (inset of Fig. 1), which indicates
that the BalrO3 perovskite adopts a lower symmetry than the
expected cubic structure with the space group Pm-3m. Indeed,
the XRD pattern in Fig. 1 can be refined excellently in the
tetragonal /4/mcm (No. 140) space group with the Ba atom
at 4b (0, 1/2, 1/4), the Ir atom at 4c (0, 0, 0), and O atoms
at 4a (0, 0, 1/4) and 8h (x, x + 1/2,0) sites. In addition, a
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FIG. 1. (Color online) Rietveld refinement of the powder XRD
pattern of BalrO; perovskite synthesized at 25 GPa and 1150 °C. Inset
shows the profile at high angles between 105° and 130°, illustrating
the peak splitting due to a tetragonal symmetry.

trace amount of Ir impurity, ~1.0 wt.%, is evidenced from the
XRD refinement. The final atomic parameters and the main
interatomic distances and angles after Rietveld refinements
are given in Tables I and II, respectively.

The small tetragonal distortion of the 3C BalrO; phase
is unexpected; we should have a cubic phase as found for
BaRuO; formed under high pressure.!” Based on the measured
unit-cell parameters a = b = 5.7044(1) A and ¢ = 8.0926(2) A,
the tetragonal /2 a/c = 0.997 ratio is too small to have been
resolved in our previous sample with a minor 3C phase.!' Such
a distortion to tetragonal symmetry by cooperative rotations of
the IrOg > octahedra about the ¢ axis is typical of an A** B4t O;
perovskite with a tolerance factor t = (A-O)/ [ﬁ(B—O)] a
little smaller than unity. However, stabilization of BalrOj;
in the 9R polytype at ambient pressure is consistent with
t > 1 obtained from tabulated equilibrium ionic radii. The
larger compressibility of the Ba—O bond makes it possible to
stabilize the 3C phase of BalrO3 under 25 GPa pressure, but
compression of the Ba—O bond by cubic symmetry should
not reduce the tolerance factor below t=1. Retention of
the cubic symmetry of the IrOg/, octahedra shows that the
threefold degeneracy of the 54 nm* bands is not a factor.
In fact, the tolerance factor calculated from the measured
(Ba—0) and (Ir-O) bond lengths in Table II gives a t =0.998

TABLE I. Atomic coordinates and isotropic thermal factors Bj,
[A?] for BalrOs perovskite from powder XRD data at 295 K;* space
group I4/mem (No. 140), a =b=5.7044(1) A, c=8.0916(2) A,
V =263.30(1) A3, Z =4.

Atom Site X y Z Biso
Ba 4b 0 0.5 0.25 0.72(4)
Ir 4c 0 0 0 0.49(1)
01 4a 0 0 0.25 0.8

02 8h 0.2313(3) 0.7313(3) 0 0.8

*Discrepancy factors: R, =10.65%, Rwp =15.9%,
Rgrage = 3.38%.

Rexp = 10.57%,
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TABLE II. Main interatomic distances (A) and angles (°) of
BalrO; perovskite from powder XRD data at 295 K.

Bond length A) Bond angle (°)

Ba-O1 (x4) 2.8522(1) 01-Ir-02 90.0(7)
Ba-02 (x4) 2.969(2) O1-Ir-02 90.0(7)
Ba-02 (x4) 2.748(2) 02-1Ir-02 90.0(1)
(Ba-0) 2.857

Ir-O1 (x2) 2.023 (1) Ir-O1-Ir 180.0
Ir-02 (x 4) 2.023(2) Ir-02-1Ir 171.1(1)
(Ir-0) 2.023 (Ir-O-Ir) 174.1

consistent with the tetragonal structure observed. Therefore,
we conclude that at 25 GPa there has been a first-order
transition of the Ba—O equilibrium bond length to give a
t < 1, which indicates that the 5d7* bands of the IrOg, array
may also have transitioned for Jo =1/2 and 3/2 bands as a
result of a reduction of the orbital angular momentum where
the bandwidth is broadened. The high-pressure equilibrium
(Ba—0) bond length is retained as a metastable bond length
on removal of the pressure, and the Ir—O bonds are not under
a tensile stress.

Consistent with the nearly cubic structure of the BalrO;
perovskite, our physical properties measurements demonstrate
that the bandwidth of the IrOg/, array is indeed broad enough
to ensure a Fermi liquid ground state. As shown in Fig. 2(a), the
3C BalrO; remains metallic down to at least 1.8 K, the lowest
temperature in the present study. The resistivity p(7") displays
a saturation behavior at high temperatures; it follows the Fermi
liquid behavior, viz. p o T?, at low temperatures. As shown in
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FIG. 2. (Color online) Temperature dependence of (a) resistivity
p(T) and (b) magnetic susceptibility x(7") of the BalrO; perovskite.
Inset of (a) displays the p(T") data below 6 K in the form of p vs T2
as well as a linear fitting.
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the inset of Fig. 2(a), a linear fitting to p(T") = po + AT? below
6 K yields py=0.0584(1) Qcm and A =8.1(1) uQ2cm K2,
respectively. The relatively high resistivity and small residual
resistivity ratio p(300 K)/py observed in Fig. 2(a) should arise
from the grain boundary effect of the polycrystalline sample
as well as any residual strain after recovery from treatment
under high pressure.

Figure 2(b) shows the temperature dependence of magnetic
susceptibility x(7') and its inverse x~NT) measured upon
heating from 1.8 to 300 K under H =1 T after zero-field
cooling (ZFC) and field cooling (FC). The ZFC and FC
x(T) curves are completely overlapped with each other in
the whole temperature range and exhibit a nearly temperature-
independent Pauli paramagnetism. The low-temperature up-
turn should be ascribed to defects or impurity spins. It is
interesting to note that the x(7') curves display a shallow
minimum around 85 K, where p(T) exhibits a slope change, as
indicated by the dotted line in Fig. 2(a). A similar dip in x(7")
and a corresponding kinklike anomaly in p(T) at T* =~ 170 K
have also been reported in the SrIrO; perovskite.® Whether
this feature in these perovskite iridates arises from a subtle
change of electronic structure deserves further study.

Figure 3 shows the specific heat C(T) of 3C BalrO;
measured in the temperature range 1.8-200 K under H =0
and 5 T. In line with the paramagnetic and metallic behavior
shown above, no anomaly can be discerned in the measured
temperature range. The effect of a magnetic field on C(T)
is also negligible. In order to separate the contributions from
electrons and lattice, we have replotted in the inset of Fig. 3 the
C(T) data between 1.8—12 K in the form of C/T vs T? and
fitted it with the formula C/T =y + BT>+8T*, where the
first term describes the electronic contribution and the second
and third terms represent the lattice contribution. As shown by
the solid line, the best fitting gives y = 6.84(6) mJ/mol K?,
B =0.257(2) mJ/mol K*, and § = 0.15(1) uJ /mol K°, respec-
tively. The Debye temperature ®p =335 K was calculated
according to ®p=(12nr*nR/58)!/3, where n=5 is the
number of atoms in the chemical formula and R is the ideal
gas constant.
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FIG. 3. (Color online) Specific heat C(T") of BalrO3 perovsktie
measured under H =0 and 5 T. Inset shows the low-temperature
region in the plot of C/ T vs T2.
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FIG. 4. (Color online) Evolution of the crystal strucutres of BalrO; polytypes: (a) 9R, (b) SH, (c) 6H, and (d) 3C. The letters on the side of
cyrstal strucutre denote the stacking sequence of IrOg octahedron, C for corner sharing and F for face-sharing.

Based on the above characterizations, we have established
the following: (1) the single-phase BalrOs perovskite can be
obtained under 25 GPa and 1150 °C; (2) it adopts a tetragonal
I4/mcm space group; and (3) it is a Pauli paramagnetic
metal with a Fermi liquid behavior. Such a ground state
distinguishes it from existing stoichiometric Ir** oxides with
perovskite-related structures. As mentioned above, strong
SOC renormalizes the broad f,, band and leaves a narrow
half-filled Jes =1/2 conduction band near the Fermi level.
When the Jog = % bandwidth (W) is further reduced by a lower
structural dimensionality, a relatively small on-site U can open
a Mott gap and lead to an insulating ground state that is
commonly accompanied by a peculiar magnetic ordering. Such
a situation is found to be prevailing in the existing iridates,
such as the nine-layer BalrO; with quasi-1D structure,* the
K, NiF,-type SrpIrO4 (Ref. 17), and the postperovskite CalrOs
(Refs. 3 and 18) with quasi-two-dimensional structures. Even
in the three-dimensional perovskites CalrOs and SrlrOs;, the
orthorhombic distortions resulting from the rotation and tilting
of the corner-sharing IrOg/, octahedra also reduced W to
the boundary of metal-to-insulator transition, as evidenced
by the resistivity upturn at low temperatures.®!'%!° Although
a metallic conduction has been observed in the 6H SrlrO;
(Ref. 10) and 6H BalrO; (Refs. 12 and 20), their resistivity
data follow the nFL behavior, i.e., p o« T", with n =3/2 and
5/3, respectively, due to the proximity to a magnetic QCP. In
this sense, therefore, the perovskite BalrO; stands out of the
existing iridates as a Pauli paramagnetic Fermi liquid metal.

The availability of BalrO; perovskite enables us to com-
plete the crystal structure-physical property evolution in two
series: the BalrOs; polytypes and the AIrO; perovskites
(A =Ca, Sr, Ba). In both cases, the physical properties are
very sensitive to the structural changes.

A. BalrOj; polytypes

The polytype structures of ABO; oxides and the phase
transformations under high pressure were intensively studied
in the 1960s and the 1970s (Ref. 21); the classical sequence
of 2H — 9R — 4H — 6H — 3C as a function of increasing
pressure has been well-established. However, successive phase
transitions involving more than three polytypes for a given
ABO; oxide were hardly seen due to the limited pressure
capacity available in the early days. Recent progress in

high-pressure capacity makes this task possible and, more
importantly, enables one to elucidate the intimate relationship
between the crystal structure and physical properties in these
polytypes with subtle structure variations. One of the most
prominent examples in this regard comes from the recent
synthesis of cubic BaRuOj3 perovskite under 18 GPa with
state-of-the-art multianvil high-pressure techniques.?’> The
availability of cubic BaRuO; not only completed for the first
time the whole polytype sequence from 9R to 3C that has been
known for over 40 years but also provided an important clue
for understanding the unusual ferromagnetism in perovskite
ruthenates.

Motivated by the work on BaRuQOj3, we initiated the study
on BalrO; and found a new 5H polytype in the high-pressure
sequence, i.e., 9R — SH — 6H — 3C. Such a novel polytype
sequence that is unlike the classical 9R - 4H — 6H — 3C,
as displayed by BaRuOs;, has been ascribed to the compro-
mise between the strong Ir — Ir bonding and the Coulombic
repulsion across the shared faces between octahedra. In our
previous study,'! the end-member 3C phase was described
as a simple cubic Pm-3m perovskite owing to the lower
concentration of the perovskite phase in a sample with the
predominant 6H phase. The evolution of crystal structures
for these polytypes is illustrated in Fig. 4. As can be
seen, the major change of these polytypes can be described
by the stacking sequence of IrO¢ octahedra that evolves
from 9R(CFFCFFCFF) — SH(CFCCF) — 6H(CCFCCF) —
3C(CCC), where C and F stands for corner- and face-sharing,
respectively. The specific structural features for each polytype
have been discussed in detail in our previous paper.!! The
present observation of tetragonal symmetry of the 3C phase
does not affect the discussion and major conclusions in our
previous study about their crystal structures.

As illustrated in Fig. 5, with increasing C:F ratio in
the sequence 9R(1:2) — SH(3:2) — 6H(2:1) — 3C(00), the
ground states of BalrO; evolve from a ferromagnetic insulator
with 7, =180 K in the 9R phase to a ferromagnetic metal
with T, = 50 K in the 5H phase, then to an exchange-enhanced
paramagnetic metal with nFL behavior near a QCP in the
6H phase, and finally to a Fermi liquid metal in the 3C phase.
Such a structure-physical property evolution has been ascribed
to a progressive bandwidth broadening in the sense that the
corner-shared arrangement of IrOg¢ octahedra can facilitate
the Ir overlap integral mediated via O-2p orbitals. Since
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FIG. 5. (Color online) A schematic phase diagram of the BalrO;
polytypes showing the evolution of magnetic transition temperautre
T, (left) and the electronic specific-heat coeffcieint y (right) as a
function of the C:F ratio.

the electronic specific-heat coefficient y is proportional to
the density of states at the Fermi energy, the gradual enhance-
ment of y from 9R to 6H phase shown in Fig. 5 is in agreement
with the bandwidth argument. Both the 6H and 3C phase are
metallic. Since the 6H phase is close to a QCP, the y is much
enhanced due to critical fluctuations relative to that in the 3C
phase with an even broader bandwidth.

BalrO; becomes the second ABOj; oxide system that
displays successive phase transitions involving more than
three polytypes. More interestingly, both BalrO; and BaRuOj3
reveal a progressive evolution of magnetic ground state from
nonmagnetic to ferromagnetic accompanying the structure
change. We make a side-by-side comparison of their magnetic
susceptibility x(7') in Fig. 6. For clarity, the x(7") data in
Figs. 6(a), 6(c) are shown in a semi-log scale. For BaRuOj3, the
9R phase displays a nonmagnetic ground state with a shallow
minimum in x(7’) or a hump in the x ~'(T') plot. This feature
diminishes gradually and the Curie-Weiss (CW) behavior is
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FIG. 6. (Color online) Magnetic susceptibility of (a), (b) BaRuO;
and (c), (d) BalrO; polytypes.
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restored with increasing C:F ratio. Finally, in the 3C phase a
long-range ferromagnetic ordering takes place below T, =
60 K (Ref. 22); a CW fitting to the paramagnetic susceptibility
yields an effective moment piegr = 2.6 g/ Ru*t that is close to
the spin-only value of 2.83 11z /Ru*t. The unusual x (T') curve
of the 9R phase as well as its evolution in the BaRuOj3 family
has been explained in terms of a competition between SOC
and the spin-spin exchange interaction,?? i.e., SOC can alter
the ferromagnetic spin-spin exchange interactions. However,
the corner-sharing octahedra in the 3C phase enhance the
Ru-O-Ru spin-spin exchange interaction. The x ~'(T') curve
in Fig. 6(b) has been regarded as characteristic for SOC
in the ruthenates and has been used further to explain the
disappearance of ferromagnetism in the perovskite CaRuOs.
In contrast to the BaRuOj3 polytypes, two members of the
BalrOs3 polytypes are magnetic: the ambient 9R phase exhibits
a weak ferromagnetic transition with a 7, = 180 K, and the SH
phase displays a weak ferromagnetic transition at 7, =50 K.
Previous studies have shown that the magnetic transition in the
9R phase is accompanied by a simultaneous metal-insulator
transition owing to a charge density wave formation.* In
contrast to the 3C BaRuOs, the x ~'(T) in the paramagnetic
region of 9R BalrO3 does not follow the conventional CW
behavior. Although x ! (T') above T, can be described satis-
factorily with the modified CW law, viz. x = xo + C /(T —0),
by adding a large constant term yo = 2.08(1) x 10~* emu,/mol,
the obtained jier = 0.186(6) g /Ir*T is much smaller than the
expected value for low-spin Ir* (S = 1)."* Such a reduced picsr
is commonly seen in iridates. In the SH BalrOs, the metallic
resistivity exhibits an anomaly at 7, seen in most metallic
ferromagnets such as 3C BaRuOj (Ref. 22). As pointed out
earlier, such a metallic and ferromagnetic ground state is rarely
seen among the known iridates and is associated with a delicate
structural arrangement having mixed corner- and face-sharing
octahedra. This observation demonstrates once again the merit
of high-pressure synthesis in fine tuning the electronic ground
states via subtle structure variations among these polytypes.
With further increase of the C:F ratio in the 6H and 3C
phases, their bandwidths are broad enough to suppress any
long-range magnetic ordering. However, as shown in Fig. 6(d),
an exchange-enhanced Pauli paramagnetism is clearly visible
in the 6H phase but not in the 3C phase. The unusual x ~'(T)
curve for the 3C BalrO3 looks similar to that of the 9R BaRuOj;
phase; this similarity may signal suppression in the 3C BalrO3
phase of the strong SOC that creates Je = 1/2 and 3/2 bands.

B. AlIrOj; perovskites (A = Ca, Sr, Ba)

Recent band-structure calculations’”® on the orthorhombic
SrlrO3 perovskite revealed that (1) SOC narrows down the
conduction band to be composed of mainly Jei = 1/2 bands
and (2) there exists near the Fermi level a robust Dirac nodal
line protected by the reflection symmetry of the orthorhombic
lattice. Thus, the combined effects of SOC and orthorhombic
distortion in SrIrOs; render a semimetal state characterized
by a small density of states near the Fermi energy. Such a
ground state is consistent with the experimental observations
of the following®: (1) an upturn of resistivity below ~50 K,
and (2) an electronic specific-heat coefficient as small as
y =2.5mJ/mol K2. However, the aforementioned calculations
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FIG. 7. (Color online) Crystal structures of the AIrO; perovskites (A = Ca, Sr, Ba), illustrating the gradual reduction of octahedral rotation
with increasing the A-cation size. The values of average Ir-O-Ir bond angle {(¢) and average Ir—O bond length (Ir-O) for each phase are listed

under the structure.

do not provide an evolution of the band structure as a function
of orthorhombic distortion or even accompanying a change of
lattice symmetry. The availability of BalrOs; perovskite offers
an excellent opportunity to evaluate the ground state of
perovskite iridates to a greater extent. Here, we would like to
point out the evolution of physical properties as a function of
structural distortion from an experimental point of view, which
we hope will stimulate in-depth theoretical calculations.
Figure 7 shows the crystal structures of the 3C AlIrO;
perovskites (A = Ca, Sr, Ba) consisting of a three-dimensional
network of corner-sharing IrOg;, octahedra. The detailed
structure information for perovskite CalrO; has been given
elsewhere.'® Both CalrOs and SrIrO; adopt the orthorhombic
Pbnm structure arising from a cooperative rotation of IrOg
octahedra about the cubic [110] axis, which results in the
deviation from the ideal 180° of Ir-O-Ir angles. With increasing
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FIG. 8. (Color online) Resistivity of the AIrO; perovskites
(A =Ca, Sr, Ba), illustrating the gradual change of electronic state
from a conductor through a semimetal and to a metal with increasing
A-cation size.

A-cation size, the orthorhombic distortion decreases and the
average Ir-O-Ir bond angle (¢) increases from 145.5° for
CalrO;3 to 154.1° for SrIrO5;. A slight tetragonal distortion
of BalrO3 perovskite results in a nearly straight Ir-O-Ir bond
with an average (¢) = 174°. On the other hand, the average
Ir—O bond lengths d =2.021-2.023 A for these three samples
keep nearly constant and are consistent with the ionic radii
sum for Ir*t (0.625 A) and O*~ (1.40 A). This observation
indicates that the bond-length mismatch is relieved mainly via
the octahedral rotation in the CalrO3; and SrIrOj perovskites.
But it remains a puzzle why a compressed Ba—O bond does
not in turn stretch the Ir—O bond length in BalrO3 unless the
equilibrium Ba—O bond length is changed to make ¢ < 1.
These structural features can thus increase the bandwidth, via
afirst-order approximation?® W oc cos(180° — ¢)/d>*, in these
isostructural compounds. In agreement with this expectation,
the resistivity data shown in Fig. 8 indeed reveal a progressive
change from the conductor CalrO; through the semimetal
SrIrO; to the Fermi liquid metal BalrO;. The nondivergent
T dependence in the resistivity of the CalrO; perovskite
indicates that the band gap does not open completely within
the Jeir =1/2 band; the Fermi level may be located inside
a pseudogap of lower Hubbard band and upper Hubbard
band of J. = 1/2 states. With increasing bandwidth of the
JeffZ% band from Ca to Sr to Ba, the density of states at
the Fermi level would be enhanced accordingly, consistent
with the increase of electronic specific-heat coefficient y from
2.5 mJ/mol K? for SrIrO3 to 6.8 mJ/mol K? for BalrO;.
On the other hand, a further bandwidth reduction in the
two-dimensional postperovskite CalrO; finally leads to a
Joit = 1/2 Mott insulating state.?*

IV. CONCLUSIONS

In conclusion, the BalrO; perovskite was successfully
synthesized under 25 GPa and 1150 °C with a multianvil high-
pressure apparatus. Rather than the expected cubic Pm-3m
structure, it was found to adopt a tetragonal /4 /mcm structure.
Measurements of physical properties confirmed that it is a

205114-6



HIGH-PRESSURE SYNTHESIS OF THE BalrOs . ..

Pauli paramagnetic metal with Fermi liquid behavior at low
temperatures. Such a ground state distinguishes it from the
known stoichiometric Ir** oxides. The availability of BalrO;
perovskite enables us to see a complete evolution of physical
properties as a function of subtle structure variations in two
closely related structural systems. With increasing fraction
of cubic stacking in the BalrO3 polytypes, the bandwidth of
Ir-O-Ir array increases so that the phase diagram covers a rich
evolution of ground states, including a weak ferromagnetic
insulator, a weak ferromagnetic metal, an exchange-enhanced
paramagnetic metal close to a QCP, and a Fermi liquid
paramagnetic metal. On the other hand, straightening of
Ir-O-Ir bond angle with a nearly constant Ir-O bond length
across the AIrO; perovskites (A = Ca, Sr, Ba) broadens up the
bandwidth of the J.¢r = 1/2 band so as to induce a crossover of
resistivity from conductor through semimetal to Fermi liquid
metal. However, two questions remain with respect to the 3C

PHYSICAL REVIEW B 88, 205114 (2013)

BalrO; phase: (1) What causes the apparent change from a
tolerance factor ¢+ > 1 at ambient pressure to a t < 1 after
treatment at 25 GPa? (2) Does the strong SOC separation
into Jer =1/2 and Jegr =3/2 bands still apply in the Pauli
paramagnetic metallic 3C phase?
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