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Ir{VI) in an octahedral coordination has been stabilized in
Sr,MIrQ, (M = Ca, Mg) oxides with an ordered perovskite struc-
ture by use of high oxygen pressure. The structure of Sr,CalrQ;
depends strongly on the oxygen pressure and reversibly returns to
the original structure according to the heat treatment applied. The
oxidation state of iridium in each compound is determined by
chemical titration and is correlated with the structural factors and
the covalency of M—O bonds. The £3,¢; electronic configuration of
Ir(VT) leads to a high Néel temperature with 55 K (M = Ca) and
80 K (M = Mpg). The samples are not metallic conductors. o 1995

Academic Press, Inc.

INTRODUCTION

Alkali metal ternary oxides of iridium have been pre-
pared and characterized during the past 20 years (1-22).
In the majority of iridium compounds Ir(IV) is stablized.
Ir(V) was prepared in the double-perovskites La,LilrQO,
(23-25) and ALaMgIrOs (A = Ca, Sr, and Ba) (26) using
oxygen pressures (27).

Twenty years ago, Sleight first reported the pyrochlore
oxides containing Ir(V) (9). Also Ir(V) was stabilized in
the perovskite oxides Ba,BIrQg (B = La, Nd, Sm, Gd,
Dy, Y, In, Er) and Ba;8°Ir,0y (8" = Mg, Ni, Zn, Co, Fe,
Cd) (28-35).

Recently we have reported the +6 oxidation state of
iridium in the perovskite lattice Ba;MIrQg (M = Ca, Sr)
(36—37). Ca3IrQyq is the only Ir(VI) oxide reported previ-
ously, but the publication is inaccessible and preparative
details are unknown (38).

Due to its position in the Periodic Table and the highest
value of the oxidation state +6, the Ir(VI)-O bond could
be one of the strongest chemical bonds in an oxygen lat-
tice. The purpose of this work is to evaluate the infiuence
of the covalency of such chemical bonding on the values

! This paper is dedicated to Professor Q. W. Choi {(Seoui National
University), an initiator of Solid State Chemistry in Korea,
? Te whom correspondence should be addressed.

of the Néel temperature versus the size of the 12-coor-

dinated (A) and 6-coordinated (M) cations in the
A, MIr(VI)Og perovskite lattice.
EXPERIMENTAL
The stoichiometric reactants, SrC0O;, CaCO;,

[4MgCO;) - Mg(OH), - 5H,0], and IrQ, were weighed
and mixed thoroughly in an agate mortar. They were
placed in a platinum crucible and heated in flowing oxy-
gen in an electric furnace at 950°C for 3 days with fre-
quent grinding. Only the Sr;CalrQg phase was treated
again in 1100°C in air overnight in order to obtain good
quality crystallinity. The resulting powder was then
heated in a gold tube at 880°C under 600 bar (60 MPa) of
oxygen for 48 hr (39).

For the electrical conductivity measurements the pel-
letized samples were treated again under oxygen pres-
sure (600 bar (60 MPa)) to ensure oxygen stoichiometry.

In order to investigate the influence of the very high
oxygen pressures on the stabilization of Ir(VI) the sam-
ples with KClO; (as the in situ oxygen source at high
temperature) were intimately packed into cylindrical
platinum capsules and subjected to high pressure (up to
60 kbar (6 GPa)) in a belt-type apparatus before the tem-
perature was raised (39). After 5 min at 900°C, all samples
were quenched, followed by release of pressure.

PHYSICO-CHEMICAL CHARACTERIZATION

Chemical Titration and Thermal Analysis

The determination of the iridium oxidation state of the
samples after each experimental step was monitored by
chemical titration methods in aqueous solution. The io-
dometric titration for SroCalrOg and the back-titration
method using Mohrs salt for Sr,MglrQg were developed,
respectively, because SryMglrQ; is not soluble in weak
acidic solutions. The results obtained are given in Table
1. At atmospheric pressure we could not obtain pure irid-

447

0022-4596/95 $6.00
Copyright © 1995 by Academic Press, Inc.
All rights of reproduction in any form reserved.



448

TABLE 1
Average Iridium Oxidation State (£0.05) Determined by Redox
Titration and Proposed Chemical Formulas for Sr;MIrQg (M =
Ca, Mg) Oxides

Experimental conditions Sr,Calr(g Sr:MglrQOy
950°C (or 1100°C) Ir(+5.38) Ir(+5.29)

1 bar, 72 hr ’Sl’zciﬂl‘oiw SroMgIrOs o5
880°C Ir{-+5.98) Ir(+5.75)
600 bar (60 MPa), 48 hr Sr,CalrQOs g SrMglIrQ; g
900°C Ir(+5.98) Ir(+5.81)

60 kbar (6 GPa), 5 min SryCalrQsg Sr;MglrQs

inm (VD perovskite compounds for the given composi-
tions.

The iridium oxidation state in Sr,CalrQg is close to the
ideal value of 6, after either 600 bar (60 MPa), 880°C heat
treatment or after in situ decomposition of KCIO; in a
belt apparatus.

In order to confirm the oxygen content in Sr,CalrQOg,
thermogravimetric analysis (TGA) were performed for
stoichiometric Sr;CalrOg with a heating/cooling rate of
4°C/min in air. Three distinct domains of stoichiometry
were observed within the temperature range 20-1050°C,
as shown in Fig. I (the proposed chemical formulas in
each temperature domain are noted}. Sr,CalrQOs g - xH>O
loses a small amount of adsorbed water (x corresponds to
less than 0.1 wt%%) up to 300°C. Above that temperature,
it loses oxygen to vield Sr;CalrQ; o4 . Further oxygen evo-
lution commences at about 800°C. At 1050°C the com-
pound has the stoichiometry of Sr,CalrOs .+, which cor-
responds to the formula Sr,CalrOse calculated by

Mass (%)
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chemical titration in Table 1, for the sample of 1100°C, 1
bar heat treatment. During the cooling period, the sample
weight does not increase, which shows the SrCalrQg
prepared at high oxygen pressures has a larger amount of
Ir(VI) than the sample prepared in ambient pressure.

As in the case of Sr;CalrQg, the oxygen content of
SrMglIrOg—; strongly depends upon the oxygen partial
pressure applied in the synthesis. As shown in Table I,
the oxidation state of iridium in Sr;MgIrQ; increases no-
tably from 5.29 to 5.81 after high oxygen pressure treat-
ment with the belt-type apparatus. We have attempted to
get a higher value for the iridium oxidation state by
changing the synthetic conditions. The oxidation state of
5.81 seems the maximum which we could reach for the
Sr:MglrQg phase. Compared to Sr,CalrQg, such a behav-
tor could be due to the competing Mg—O bond being more
covalent than the Ca—O bonds. Consequently, the de-
crease of the local crystal field energy would destablize
the oxidation state of iridium (VI).

Structural Characterization

The X-ray powder diffraction data were obtained at
room temperature and at high temperature with a Philips
PW1050 spectrogoniometer using CuKea radiation with a
graphite diffracted-beam monochromator. Experimental
diffraction line angles were corrected using Si as an inter-
nal standard (ao = 5.4305 A at 25°C). Unit cell parameters
were calculated by least-squares analysis of the X-ray
powder diffraction data. For the refinement of the inten-
sity profile the X-ray diffraction data were collected at
each 0.02° of 26 for 40 sec. In order to minimize the
orientation effects, the powder was crushed (less than

/
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99.8 4 Sr;CalrOs o4
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FIG. 1. Oxygen stoichiometry of Sr;CalrO; versus the heat treatment.
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TABLE 2
Structures and Lattice Parameters for Sr,MIrQ; (M = Ca, Mg) Oxides by X-ray Powder
Diffraction vs the Experimental Conditions (P, T) Used for the Synthesis

Experimental
treatment

SryCalrQy

Sr;MglIrQ,

950°C (or 1100°C) Monoclinic structure

Cubic perovskite + impurities

Cubic perovskite
a = 2ay = 7T.89142) A

Cubic perovskite
a = 2a, = 7.891(1) A

1 bar, 72 hr a=358(0A b=974D A,
c=14.2(1) A, B = B(Y

880°C Monoclinic perovskite

600 bar (60 MPa), a = 5.7830(2) A, b = 5.8283(2) A,

48 hr c = &.197(1) A, B = 90.26(50)°

900°C Monoclinic perovskite

60 Kbar (6 GPa), a=578(1) A, b = 5.831) A,

5 min e = 8.20(1) A, B = 90.2(5°

0.25 pm) and sifted onto the sample holder. The struc-
tural analysis is summarized in Table 2.

Sr,CalrQs prepared at atmospheric pressure could be
indexed with a monoclinic unit cell (a = 5.82 A, b = 9.74
A, c=142A, B = 93°). After the high oxygen pressure
treatment the X-ray diffraction pattern changes com-
pletely and the structure is transformed to a perovskite
with a small distortion. The GdFeO; structure {40) can be
retained. The selected space group was P2,/n allowing a
1/1 Ir/Ca ordering. Such a space group has been found
for ordered perovskites (41, 42). The X-ray diffraction
refinement using Rietveld method (43) was accomplished
for the stoichiometric Sr,CalrQg, with the program
DBW3.2S of Wiles and Young (44).

The converging various parameters are listed in Table
2 for the lattice constants and in Table 3 for the atomic
positions. It should be noted that the Bragg-factor R;
drops to 0.045 and the profile factors R, and R, are 0.094
and 0.12, respectively. The experimental, calculated, and
resulting difference profiles are given in Fig. 2. Tabile 4
gives the observed and calculated X-ray diffraction pat-
terns.

A high temperature X-ray analysis was carried out in
air for the stoichiometric Sr,CalrQg in order to follow the

TABLE 3
Structural Parameters for Sr,CalrQ;; Prepared at 880°C and 600
Bar (60 MPa) of Oxygen Pressure (Selected Space Group P2,/n)

Atom Site x ¥ z B (A
Sr 4e 0.0061(5) 0.362(2) 0.2412(4) 0.66(3)
Ca 2d 1/2 0 0 0.35(4)
Ir 2c 1/2 0 142 0.34(3)
01 . de 0.240(2) 0.273(2) 0.030(2) 0.20(11)
02 4e 0.201(3) —-(0.239%2) 0.034(2) 0.20(11)
03 4e —{.074(3) 0.432(2) 0.224(2) 0.20{11)

structural changes. At 500°C the GdFeO;-type structure
transforms to a cubic one (g = 2a, = 8.28(1) A) and the
X-ray pattern does not alter until 1100°C, as shown in
Fig. 3, except for the expansion of the cell volume at the
high temperature. After 20 min heating at 1100°C and
cooling in air, the room temperature pattern shows a
small amount of the ambient pressure phase. When the
stoichiometric Sr,CalrQy is heated at 900°C at ambient
pressure for 12 hr, it again transforms to the ambient
pressure phase completely. The kinetic of such a struc-
tural transformation appears not to be fast enough to lead
to a complete change during high temperature X-ray anal-
ysis. After the loss of oxygen, the cubic perovskite struc-
ture transforms to the monoclinic one at ambient pres-
sure.,

Cubic Sr;MglrQy is detected in samples prepared at 1
bar. The X-ray spectra are indexed as a cubic perovskite
structure with 1/1 Mg/Ir ordering before grinding the
calcined sample. After grinding the same sample the
X-ray spectra has several weak unindexed peaks, proba-
bly SrIrQ; and other impuritics, which implies that the
formation of the expected perovskite phase occurs only
on the surface of the polycrystallites. On the other hand,
when we apply the high oxygen pressure (880°C, 600 bar
(60 MPa)), the unindexed peaks disappeared completely
in the XRD pattern of Sr.MgirO. High oxygen pressures
are required for inducing high iridium (VI) content (5.81
average oxidation state of iridium).

The XRD spectra at two different oxygen pressures
(380°C, 600 bar (60 MPa) and 900°C, 60 kbar (6 GPa))
show the same pattern and intensities. Such a result sug-
gests that the Sr;MglrQyq is oxidized during the belt exper-
iment without any change in Mg/Ir ordering in the
perovskite lattice, The possibility that the compound has
a cubic perovskite structure similar to that of Ba,CalrQq
with the superlattice resulting from the ordering between
the six-coordinated cations was examined. However, af-
ter comparing the hypothetical intensity calculation for
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Observed and Calculated Powder Diffraction Patterns for Sr,CalrQ; (@ = 5.7830(2) A b= 5.8283(2) A, c = 8.1997(1) A,

and B = 90.26(50)°)

h k l Icalc ]uhs dcalc dubs A k { Ica]c Ioh:. dca]c dubs
0 1 . 16.8 4.751 2 2 2 : 1.8330
0 1 i 16.8 36.4 4.751 4.738 1 1 4 1.1 1.8316
1 o -1 375 4.736 3 1 0 1.8302
i 0 1 339 4716 | , » » | 7974
1 1 0 10.2 5.7 4.105 4.104 I 3 1 1.9 22 1.7963 1.7974
0 0 2 5.8 4,100 3 1 _1 1.0 1.7887
1 1 -1 1.5 1.4 1.676 1.670 1 3 -2 17.7 1.6808
i i i ) 3.666 § 3 2 17.7 1.6790
0 2 0 48.4 2.9142 0 2 —4 9.7 1.6766
! ! -2 21.0 29036 g f) 4 22 42 1.2;§g 1.6727
1 1 2 100.0 100.0 2.8962 2.8954 4 12. 2 1. :
) 0 o prge > 8913 3 i -2 211 1.6739
' 2 0 4 8.4 1.6687
0 2 -1 1.2 0.8 2.7459 2.7452 3 1 2 23.8 1.6685
0 2 ! 1.2 27459 2 2 -3 0.3 1.4 1.6438 1.6407
1 2 0 0.4 0.3 2.6024 2.5936 2 2 3 0.8 1.6387
2 1 0 0.3 2.5902 | , ] o © 6087
i 2 -1 6.5 2.4819 3 2 0 0.1 0.1 1.6077 1.6049
1 2 1 1.5 2.4790 2 ) 4 0.1 1.6043
1 0 -3 5.5 2.4755
0 1 -3 4.9 190 24746 24688 O 3 -3 16 33833
0 3 3 16 1.5835
o 3 49 2.4746
2 3 - L5 1.5830
2 1 -1 3.7 2.4718
2 3 i 32 1.5815
2 1 I 14.4 2.4670
1 0 3 1.0 2.4668 1 0 -5 4.0 1.57%6
3 2 -1 3.5 8.0 1.5788 1.5764
0 2 2 0.1 2.3753 3 0 -3 0.3 1.5787
0 2 2 0.1 0.2 2.3753 2.3743 0 1 -5 0.8 1.5786
2 0 -2 0.1 2.3680 0 1 5 08 1.5786
2 0 2 0.1 2.3579 3 2 : 3.8 1.5766
1 -3 13 0.7 2.2785 2.2745 ; g i ”5‘ "2358
i 3 0.7 2.2717 0. 1.511%
1 2 -2 0.4 2.1992 : i ‘i 1'2 {gigg
1 2 2 0.4 0.4 2.1951 2.1945 ' :
5 | _2 01 > 1938 > 1 i -5 0.1 1.0 1,5246 1.5242
5 : > o1 S 1853 i 1 5 0.1 15212
' 3 1 3 0.3 1.5177
2 2 0 53.7 3.1 2.0526 2.0507
0 0 4 299 7.0499 2 3 -2 0.1 1.5020
2 3 2 0.1 0.1 1,4994 1.4847
0 2 -3 1.0 1.9936 3 2 -2 0.1 14987
. . . 991
0 2 3 1.0 1.4 1.9936 1.9910 . ) ) . L4571
2 2 . 23 1.9926
5 y , o8 | 9896 2 2 -4 14.6 1.4528
: 2 2 4 15.2 1.4481
0 3 -1 25 1.8904 4 0 0 6.9 15.6 14457 1.4463
0 3 1 2.5 1.8904 0 4 -1 0.7 1.4346
i 2 -3 1.0 1.8867 0 4 1 0.7 1.4346
2 1 -3 76 1.8839 0 2 -5 0.1 1.4292
1 2 3 26 7.4 1.8828 1.8786 0 2 5 0.1 1.4292
3 0 -1 1.0 1.8784
> | 3 37 P i 4 0 02 1.4129
; o 1 7 i 0 3 4 0.1 0.1 1.4101 1.4094
: 0 3 4 0.1 1.4101
1 3 0 3.4 1.8416
2 2 -2 1.1 1.8378
1 { -4 14 3.7 1.8363 18322
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TABLE 5
Observed and Calculated Powder Diffraction Patterns for Sr,CalrQ,
Face-Centered Cubic (Fm3m), Based on the Unit Cell a = 2q, = 7.8913(2) A

Relative Interplanar
intensity spacings (4)
kik! Iohs Icalc dahs d:alc
111 31 45 4.559 4,556
200 6.4 4.2 3.945 3.946
220 100 100 2.791 2.790
311 16 24 2.382 2.379
2212 0.9 L5 2.278 2,278
400 31 33 1.974 1.973
331 6.2 11 1.812 1.810
420 2.6 1.5 1.767 1.765
422 40 37 1.613 1.61]
511,333 5.4 7.8 1.5190 1.5187
440 18 18 1.3945 1.3950
531 4.6 7.5 1.3325 1.3339
600 442 1.1 0.5 1.3158 1.3152
620 15 15 1.2477 1.2477
533 1.5 2.7 1.2032 1.2034
622 ] 0 — 1.1897
444 4.7 5.7 1.1392 1.1390
551,711 22 4.1 1.1051 1.1050
640 0 0 — 1.0943
642 18 18 1.0544 1.0545
553,731 3.0 5.2 1.0274 1.0274

Fm3m space group with the observed integrated inten-
sity, the ordering of Mg/Ir seems not to be complete for
both high oxygen pressures samples (600 bar and 60 kbar)
(Table 3). The B-site cation ordering is generally induced
by a large difference in the oxidation states and the ionic
radii. It is suggested that the size difference between the
ionic radius of Mg" (r = 0.72 A) (45) and Ir¥1 (0.50 A < r
(Ir(VI) < 0.55 A) (37) could not be sufficient enough to
induce a 1/1 cation ordering.

Magnetic Measurements

Magnetic susceptibility measurements were performed
with an automatic DSM 8 type susceptometer in the
range 4 to 800 K, with a magnetic field of 1.8 T. The
equipment was calibrated using a single crystal of
Gdx«(S0.); - 8H,O for the low temperature region and
Gd,0; for the high temperature region.

After the correction of diamagnetic susceptibilities of
the constitutient ions, the thermal variations of molar
inverse magnetic susceptibilities (xy' = f(T)) are given
in Figs. 4 and 5, respectively for Sr,CalrQO;q and
SroMglrQs g, after the high oxygen pressure treatment at
600 bar (60 MPa) and 880°C. These compounds are anti-
ferromagnetic with Néel temperatures close to 55 K for
Sr,CalrQs o and 80 K for Sr;MglrQs g;. The evolution of

the Ty values seems strongly correlated to the Ir-Ir dis-
tance in the perovskite lattice (Fig. 6).

The Curie constant of SroMglrOs g in the paramagnetic
temperature (Cy = 1.20) is less than that of Sr;CalrOs g
(Cy = 1.66), presumably due to the presence of Ir with a
lower oxidation state. The deviation from linear plot in

¥, (emumele)

1200
1000
800 -
600
Ty = 80K

400

200

1 T T T T T T T
0 100 200 300 400 500 609 700 300
Temperature (K)

FIG. 4. Thermal variation of reciprocal molar magnetic susceptibil-
lty of SrzMgIrOﬁ .
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FIG. 5. Thermal variation of reciprocal molar magnetic susceptibil-
ity of Sp,CalrQ;.

Sr,CalrQg above 500°C is attributed to a change of oxy-
gen content as verified by use of the thermogravimetric
analysis and X-ray diffraction data versus temperature.

The magnetic data for Ba,M'IrQ¢ (M’ = Sr, Ca) and
SrMIrQOs (M = Ca, Mg) are summarized in Table 6.

The d* electronic configuration, Ir(VI) characterized
by a *A,, term, is expected to lead to a smaller moment
than that corresponding to the spin-only value, the only
second-order orbital contribution being involved (g =
Mso (1-41/10D,) where p, is the spin only constant and A
is the spin-orbit coupling constant). The experimental
magnetic moments approach the spin-only ones due to
the local large crystal field energy corresponding to
Ir(VI), the 4\/10D, term becoming small.

Electrical Measurement

Electrical conductivity was carried out on ceramics
prepared from powder by the conventional four-probe
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FIG. 6. Correlation between the distances of the nearest iridium
ions and the Néel temperature in the prepared Ir(VI) perovskite oxides.

method with silver paste contacts from room temperature
down to 180 K (M = Mg) and 120 K (M = Ca) for the
compounds prepared at 900°C, 600 bar (60 MPa).

Sr:MTIrQg (M = Ca, Mg) shows semiconducting behav-
ior (Fig. 7). The calculated activation energies by the
equation o = oeexp(—E,/kT) for Sr;MIrQ, (M = Ca, Mg)
are respectively close to 0.10 and 0.06 e¢V. Such small
values could be due to the grain boundaries. At the same
temperature a strong increase in the electrical conductiv-
ity is observed from M = Ca to Mg phase. The tendency
is in agreement with the decrease in the cell volume sug-
gesting a reduction of the electronic localization for the
Ir(VI) £, electrons.

DISCUSSION

A high pressure oxygen treatment is necessary for the
preparation of Sr:MIrQs (M = Ca, Mg) which contain

TABLE 6
Magnetic Data and Distances between Iridium lons for the Perovskite AFMYIrY'0;
Prepared by High Oxygen Pressure of 600 bar (60 MPa) at 880°C*

Phase Cy (emu - K/mole)® fherr (12p)° 8 (K) Tx (K) d(Ir=Ir) (A
Sr;CalrQs 0 1.66 3.66 -375 55 5.80
Sr;MelrOs g 1.20 311 724 80 5.58
B2,CalrQs w 1.89 '3.90 -573 55 5.91
Ba,SrlrOs g 1.64 3.64 ~365 45 6.07

@ The theoretical Cy and u.q values for spin-only contributions are respectively Cy = 1.875 and

e = 3.89#5 .

b Cy is the molar Curie constant calculated from the linear portion of the plot of x'y' vs T.
¢ Effective magnetic moment calculated from the equation gy = 2.84 (Cy)"? {ua)
4 ¢ is the intercept on the temperature axis, extrapolated from the linear portion of the plot of

X' vs T

¢ d is the distance between nearest iridium ions in the ordered perovskite structure.
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FIG. 7. Electrical conductivity vs reciprocal temperaure for Sr.M
IrO; (M = Ca, Mg).

Ir(V1), as shown by chemical titration and thermogravi-
metric analysis. SroMIrQg (M = Ca, Mg) are more
strongly influenced by oxygen pressure than the previ-
ously reported perovskite oxides of the type Ba,M'IrQOq
(M’ = 8r, Ca) (37). It is suggested that not only the
strength of the competing bond M/M’'-O, but also the
acidity of 12-coordinated cations (Ba or Sr) can play an
important role for the stabilization of iridium(VI).

Since the iridium perovskite oxides prepared in this
study are a unique example of the stable Ir{VI)-O bond, it
is very meaningful to calculate the Ir(VD)-O bond length.
By use of Rietveld X-ray diffraction refinement, we have
obtained bond lengths of 1.90, 1.95, and 1.90 A for
Ba,SrIrQg, BayCalrOg, and SryCalrOg, respectively. It
can be suggested that the ionic radius of Ir(V]) in octahe-
dral symmetry is close to 0.52 A considering the average
Ir-O bond length in these compounds (close to 1.92 A)
and six-coordinated oxygen radius of 1.40 A (45). That is
smaller than the ionic radius of Ir(V) (0.57 A) (45). The
ionic radius of Ir(VI) is not surprising due to the strong
covalency of Ir(VI)-O resulting from the high oxidation
state of iridium and the position of Ir (54} in the periodic
table,

In conclusion, the stabilization of Ir(VI} (d3) is strongly
correlated to the local crystal field energy mainly gov-
erncd by the nature of the competing M-0O bond. The
GdFeO; structural distortion does not modify strongly
the octahedal sites (40, 46). The high values of Ty for a
super—super exchange interaction are consistant with the
strong covalency of the If(VI)-O bond,
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