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Abstract: The related parameters of cation size and valence that control the crystallization of Srs;CaRu,0q
into a 1:2 B-site-ordered perovskite structure were explored by cationic substitution at the strontium and
calcium sites and by the application of high pressure. At ambient pressures, SrsMRu,Og stoichiometries
yield multiphasic mixtures for M = Ni?*, Mg?*, and Y3*, whereas pseudocubic perovskites result for M =
Cu?* and Zn?*. For A-site substitutions, an ordered perovskite structure results for Srz—,Ca,CaRu,Og, with
0 < x < 1.5. In contrast, Ba?* substitution for Sr?* is accompanied by a phase change to a hexagonal
BaTiOs structure type. At high pressures and temperatures, a 1:2 B-site-ordered perovskite structure is
stabilized for Srz;_BayCaRu,0g, with 0 < x < 3. The scarcity of B-site-ordered perovskite ruthenates at
ambient pressure and the metastable nature of the high-pressure phases underscore the strict size and
valence requirements that must be met by the constituent cations to achieve these uncommon ordered
structures.

1. Introduction

The varied chemistry of ruthenium-based oxides results in a
host of fascinating physical properties, such as itinerant ferro-
magnetism in SrRu¢ and unconventional superconductivity
in SLRUO,.2 Combining ruthenium with other metals in an
ordered fashion within a perovskite (ABdramework can lead
to even more exotic properties, such as the coexistence of
magnetism and superconductivity, as in the layered RuSr
GdCuyOg (Ru-1212) Our studies of cation-ordered mixed-metal
ruthenates, such as Ru-1212, led us to the unexpected discovery
of SpCaRyOy,* which crystallizes with a 1:2 B-site-ordered
perovskite structure (Figure 1). The 1:2 B-site ordering was & c
heretofore unknown for transition metals with partially filled Figure 1. Unit cell of Ss=CaRyOg viewed along the [010] direction. Yellow
d-orbitals (R&": t3%) and prompted us to investigate other octahedra are Cafand blue octahedra are Rgi@he cubic [111] direction

related perovskite ruthenates to understand the factors tha's vertical on the page.
stabilize the cation ordering. positions. Second, we performed syntheses under high pressures

We have pursued two approaches to investigate the B-site!0 favor the formation of perovskite structures for compositions

cation ordering in SCaRuOs. First, we explored isovalentand k€ BasCaRuO,, which crystallize with the 6H hexagonal
heterovalent substitution at both the strontium and calcium Parium titanate structure at ambient pressure (FigureT2je
6H structure type is common for the B4Ru,Og family of
* Northwestern University. compounds wherein M is almost any di- or trivalent caficn
*Kyoto University. as well as several morfband tetravaled!1 cations. Several
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Figure 2. The 6H hexagonal barium titanate structure adopted by many
BagMRu,O9 compounds. Ru@octahedra are blue, and M©ctahedra are
yellow.

literature reports indicate that these hexagonal perovskite
polytypes can be transformed to cubic perovskite structures by
cationic substitution and/or the application of pressé@féThe
application of pressure or the reduction of the average A-cation
radius by substitution favors a greater degree of cubic stacking
(i.e., corner-sharing octahedra), which suggests that the 6H
structure of BgCaRyOgy might, under applied pressure, adopt
a perovskite structure like that of faRu2@.

2. Experimental Section

To examine substitution on the calcium site (B-site), samples with
compositions of SMRu,0s (M = Ni, Mg, Cu, Zn, and Y) were
prepared via solid-state reaction of stoichiometric amounts of §rCO
MO or MO, 5, and RuQ. The reagents were ground in an agate mortar
and calcined in alumina crucibles overnight at 880 The samples
were then reground, pressed into pellets, and fired at 1200 1 atm
of flowing oxygen for 48 h with one intermediate regrinding. The B-site-

substituted samples were treated in a high-pressure oxygen furnace

(Morris Research Inc.) up to 320 atm at 100D to minimize oxygen
vacancies and promote pentavalent ruthenium.

To elucidate the effect of substitution on the strontium site (A-site),
samples of SrALCaRuyOy (0 < x < 3; A = C&" or B&") were
prepared as above from Srg@COs;, and RuQ. Concurrent substitu-
tion at both A- and B-sites was investigated by synthesis ef/iBRa,Oqg
with M = Ni,* Cu,” and Y from BaCQ, RuQ;, and NiO, CuO, and
YO, s respectively. All reagents were each at least 99.95% pure.

High-pressure (HP) samples of;SiBa,.CaRuOg (0 < x < 3) and
BasMRu,Oy (M = Ni, Cu, and Y) were synthesized from the ambient

pressure (AP) precursors of the same stoichiometry (see above).

Approximately 150 mg of powder was packed in a gold capsule and
subjected to an applied pressure of 8 GPa in a cubic anvil press for 1
h at up to 1400C.

Powder X-ray diffraction (PXD) was used for phase identification.
Diffraction patterns were recorded with a Rigaku XDS 2000 diffrac-
tometer using nickel-filtered Cu & radiation ¢ = 1.5418 A) over a
range of 10 < 20 < 80° in 0.05 steps wih a 1 scounting time per
step. Electron diffraction (ED) studies were performed on several
crystallites of each sample using a JEOL 200CX electron microscope
fitted with a eucentric goniometet60°). Samples were prepared by
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dispersing crystallites on a holey carbon film supported by a copper
grid. Energy-dispersive X-ray spectroscopy (EDS) analysis was per-
formed, using the same microscope, on multiple crystallites to verify
the cationic composition of the calcium-substituted samples. For HP
BasCaRuO,, time-of-flight neutron diffraction data were collected on

approximately 350 mg (from three HP runs) of powder using the special
environment powder diffractometer at the Intense Pulsed Neutron
Source at Argonne National Laboratory. The structural model for HP
BasCaRuyOy was refined based on the neutron data from the high-
resolution backscatter bankd@/d = 0.0035) using the Rietveld method

in the General Structure Analysis System (GSAS) refinement paékage.

3. Results and Discussion

Cationic substitutions on both the strontium and the calcium
sites probe the factors that control the crystallization af Sr
CaRuy0y into a 1:2 B-site-ordered perovskite structure. On the
strontium site (sz+ = 1.44 A; atomic radii compiled by
Shanno#), substitutions with calciumréz+ = 1.34 A) and
barium ¢g22+ = 1.61 A) were performed to study the effect of
the A-site on the phase stability. To investigate the effects of
the minority B-site C& (rcz+ = 1.00 A) on the structure,
syntheses of the form $MRu,Og were attempted for M= Ni2"

(rnizt = 0.69 A), M@" (rugzt = 0.72 R), C#* (reet = 0.73

A), and Zr#* (rzn>+ = 0.74 A). Heterovalent doping with 3
(rys+ = 0.90 A) for C&* was performed to create RURU*
mixed valency and thereby induce an insulator to metal
transition.

3.1. Substitution for Calcium at Ambient Pressure.None
of the substitutions on the calcium site f8Ru,0Os where M
= Ni2+, Mg?", C/#t, and Zi#") yielded a 1:2-ordered perovskite
structure, likely because the substituting cations are all ap-
preciably smaller than calcium. ForNiand Mg, the smallest
cations, the result was a mixture oLb,RUO,, STRuQ@, and MO
(M = Ni?* or Mg?"; Figure 3a,b). Even syntheses under 320
bar of oxygen at 900C did not promote a pentavalent ruthenate
that incorporated the magnesium or nickel. For the largéf Cu
and Zr#™ (Figure 3c,d), a monophasic pseudocubic perovskite
was formed; however, the absence of superlattice reflections
indicated that the GO (or Zr*") and R&" cations were
randomly distributed over the perovskite B-sites. For these latter
substitutions, although a perovskite structure was formed, the
charge and/or ionic size difference with Ruvas insufficient
to segregate the cations onto distinct sites. To more accurately
reflect the structure, the formula could be written SygRiuy/3)Os3
(M = Cuw?* or Zr?"). These substitution patterns are consistent
with those of a study of Ca(RuMy)Oz (M = Ni2*, Ci#*, and
Zn?") in which relatively large solubilities were found for &u
(x=0.1) and ZA" (x = 0.25), while a limit of onlyx = 0.05
was established for Ri.18 That isovalent substitutions of
calcium failed to yield a 1:2-ordered perovskite structure
illustrates the critical role of the calcium ion’s size in stabilizing
SrCaRyOy. In the unique case of M= C&", the radius of
Ca&" is small enough to occupy the six-coordinate perovskite
B-site yet large enough to simultaneously foster cation ordering.

The absence of cation ordering betweerrCand R&™" is
particularly surprising. On the basis of the traditional arguments
of size, charge, and coordination preference, copper and
ruthenium appear to be ideal candidates to form cation-ordered

(16) Larson, A. C.; Von Dreele, R. B. Los Alamos National Laboratory, [Rep.]
LANL 1994 LAUR 86—748.

(17) Shannon, R. DActa Crystallogr.1976 A32 751.

(18) He, T.; Cava, R. 1. Phys.: Condens. Matte2001, 13, 8347-8361.
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Figure 3. Powder X-ray diffraction patterns of preparations ofM8RuU,Oo, M = Ni?t, Mg?*, Cl?*, and Zi#t. For M = Ni?" (a) and M@" (b), a mixture
of SLRUQy, SrRU@, and MO results. For M= CW#* (c) and Zi#* (d), a single-phase pseudocubic perovskite is formed.

perovskites. In octahedral coordination, the difference in their o v - Sr,YRUO,
tabulated ionic radit! Ar = 0.165 A, is larger than all but one o- SrRuO;,
known randomly ordered perovskite (CaBaZrGe®&r = 0.190 - Cuk
A).1° The charge difference is also large: three foRCand
Rw*. The differences in coordination preferences are similarly
large owing to the JahnTeller distortion of C&*(3d°), which
favors tetragonally distorted octahedral environments. Yet
despite these differentiating factors, no order was found in
Sr(Cuw/sRupy3)03, and literature examples of ordered copper - i e
ruthenium perovskites are extremely rare. Excluding oxygen- 20 30 4 S5 6 70 80
deficient structures, only LaBa@tRwOs (rock-salt) and 26 (°; Cu Ky)

La;Cu?"RUA*Og have been reported to adopt ordered structures. Figure 4. Powder X-ray diffraction patterns of §fRu,Os, Which is a
In fact, the ordering in the latter is only partial and rather mixture of S;YRUGs (V) and SfRUO3Q). Thex denotes the peaks resulting
tenuous. One octahedral site contai¥80% Cu and~20% Ru, from Kj radiation.

with the inverse distribution on the other site, and substitution
of 20% of the R&™ with Ti4* yields a pseudocubic structute.

Full substitution of ¥+ for C&" on the B-site yielded a
mixture of SpYRuUOs and SrRu@ (Figure 4). Preparations with
partial substitution were composed of a mixture ofYRuO,
SrRu@, and SgCaRyOg. The amounts of SrRuand Sg-
YRuGQs increased with increasing yttrium content, while no
changes in the peak positions of the 1:2-ordered phase were
detected, indicating that no appreciable substitution f fér
C&" had taken place.

3.2. Substitution for Strontium at Ambient Pressure.The

solubility range of Ca&" on the A-site, as determined by PXD, ) ) :
Figure 5. Powder X-ray diffraction patterns of (8xCa)CaRuOg for 0

extends to approximately 50% substitution (i.e.,3(S€a)- < x < 3. The 1:2-ordered perovskite is stable forx < 1.5. Forx = 3,
CaRuyOy, 0 =< x < 1.5; Figure 5). The shift in peak positions caRuQ and CaO are the only products.

toward higher 2 is consistent with a smooth decrease in the
lattice parameters as the smaller calcium substitutes for the . . . )
strontium. Forx > 1.5, the 1:2-ordered perovskite is no longer be S.ssCay.7RUp.0 (NOrmalized to ruthenium), which confirms

stable, and multiphasic products are favored. EDS analysis Ofthe substitution of calcium for stro_nnum, alt_)elt., at levels lower
the nominallyx = 1.0 sample determined the cation ratios to than expected. For the fully substituted stoichiometry, CaRuO
and CaO (in an equimolar ratio) are the only products. The

(19) Anderson, M. T.; Greenwood, K. B.; Taylor, G. A.; Poeppelmeier, K. R.  CaRuQ could not be oxidized by treatment under 320 atm of
Prog. Solid State Cheni993 22, 197.

vo v

Intensity (arb. units)

vy YOy .+ |

-
o

CaRu0;
CaRu0;

2 Perovskite
(1:2 Perovskite
1:2 Perovskite
1:2 Perovskite

Intensitv (arb. units)

10 15 20 25 30 35 40 45 50
20 (%, Cu K,)

(20) Rozier, P.; Jansson, K.; Nygren, Mater. Res. Bull200Q 35, 1391 oxygen at 1000°C to favor a single phase with pentavalent
1400. i imi ;

(21) Batde, P. D.: Frost, J. R.: Kim, S-H. Mater. Chem1995 5, 1003- ruthemgm. From these results, a lower Ilmlt of approx!matel)_/
1006. 1.39 A is established for the average radius of the A-site. This
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Table 1. Neutron Refinement Parameters for High-Pressure
:-@\ BazCaRu;09
S formula BaCaRuOq
o space group P3ml (#164)
© a(A) 5.8168(2)
e so b (A) 5.8168(2)
= e c(A) 7.1619(3)
o o V(A3 209.86(2)
= z 1
= Y radiation time-of-flight neutroh
T . drange (&) 0.48-3.94
10 20 30 40 50 60 70 80 {?epﬁ“ement software 4(;%/*5
20 (¢ K =207
b (% Cuka) Rup 7.96%
Figure 6. Powder X-ray diffraction patterns of the series- SBaCaRuO, 2 1.49
0=x=3. reflections 817
parameters 30
) ® 8 aSEPD at IPNS at Argonne National Laboratohsee ref 16.
C o
Z. e e %0 Table 2. Refined Atomic Positions and Isotropic Thermal
= Parameters for High-Pressure BazCaRu,0g
S atom Wyckoff X y z By’
2 Bal la 0 0 0 0.59(12)
% (b) Ba2 2d 1/3 2/3 0.6713(8)  0.75(7)
=@ Ca 1b 0 0 1/2 0.89(15)
| [N (NI A e Ru 2d 1/3 2/3 0.1616(5)  0.39(5)
L O O O T o O I 1M o1 3e 1/2 0 0 1.15(7)
10 20 30 40 50 60 70 02 6i 0.1781(2) —0.1781(2) 0.3146(3)  0.99(5)
26 (°; Cu K,)

Figure 7. (a) Powder X-ray diffraction pattern of ambient pressure for
BagCaRyOq. Bragg reflections (lower bars) are based on a hexadesl
mmcunit cell witha = b = 5.891 A andc = 14.571 A. (b) Diffraction
profile of high-pressure B&€aRuyOq. Bragg reflections (upper bars) are
based on a hexagonBBm1 unit cell witha = b = 5.8168(2) A and: =
7.1619(3) A. Inset: enlargement of the°28 20 < 30° region of pattern
(b). The single peak at 24.7indicates that there is no octahedral tilting.

contrasts sharply with the niobium-based series .&a-
CaNbkOg, which forms a 1:2-ordered perovskite for all values
of X.22'23

Substitution of the larger barium for strontium,;SiBax-
CaRuyOq, resulted in a mixture of the 1:2-ordered perovskite
and a hexagonal BaTigype perovskite polytygefor x < 0.5
(Figure 6). For larger values of, the hexagonal perovskite
polytype was the only product, indicating that there is no
appreciable solubility of barium on the strontium site in the
perovskite structure of g€aRuyOs. This suggests that the
maximum average A-site radius for the perovskite structure is
approximately 1.44 A. However, the significant tilting of the
RuGs; octahedra in S€aRuyOg suggests that, structurally, it
must be possible to accommodate larger A-catfofiserefore,
the fact that the perovskite structure forms only for the fully
strontium-substituted composition is linked to the great stability
of the 6H phase and not to an instability of the ordered
perovskite structure.

3.3. Substitution for Strontium at High Pressure. The
application of pressure is an ideal way to destabilize the 6H
structure in favor of a higher-density perovskite arrangement.
After an hour-long treatment at 8 GPa and 10TD, the
diffraction pattern of HP Bg&CaRuOg (Figure 7) is drastically
different from that of the AP phase and is clearly reminiscent
of a 1:2-ordered perovskite structure related t@ZBd a0q.2

a All sites were assumed to be fully occupied.

Table 3. Selected Interatomic Distances in High-Pressure
BagcaRuz09

bond distance (A)
Bal-O1 2.892(5)x 3
Bal-02 2.996(4)x 3
Bal-02 2.9124(3) 6
Ba2-01 2.9084(1)x 6
Ba2—02 2.880(2)x 6
Ca—02 2.232(2)x 6
Ru-01 2.040(2)x 3
Ru-02 1.910(3)x 3

The presence of a single peak (the 002 reflection) in te<24

20 < 26° range (Figure 7, inset) is characteristic of a structure
with untilted octahedra (e.g., $aRuyOy, with tilted octahedra,
has two peaks in this rang®).The relative insensitivity of
X-rays to the oxide positions prevents slight octahedral rotations
or tilts from being ruled out on the basis of PXD alone. The
ED patterns (Figure 8) showed only reflections attributable to
a trigonal unit cell witha = b ~ 5.8 A andc ~ 7.1 A. The
extinction conditions were consistent with space gréGmi,
which is expected for a 1:2 B-site-ordered structure with untilted
BOs octahedr&® Electron diffraction is particularly sensitive

to superstructural features; therefore, the fact that no supercell
reflections were observed is strong evidence that there is no
tilting of the RuQ octahedra.

The crystal structure of B&€aRyOg was refined based on
the ToF neutron diffraction data in space graegmil (#164),
using BaZnTa0Og as the initial modét (Figure 9). All sites
were assumed to be fully occupied, and the thermal parameters
were grouped by atom type and refined together. The final

(22) Hervieu, M.; Studer, F.; Raveau, B. Solid State Chenl977, 22, 273~
289.

(23) Hervieu, M.; Raveau, Bl. Solid State Chen1979 28, 209-222.

(24) Jacobson, A. J.; Collins, B. M.; Fender, B. E.Agta Crystallogr.1982
B24, 1968.
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(25) Rijssenbeek, J. T.; Malo, S.; Saito, T.; Caignaert, V.; Azuma, M.; Takano,
M.; Poeppelmeier, K. RPerovskite Materials MRS Proceedings, 2002;
Vol. 718, p 3.

(26) Levin, I.; Bendersky, L. A,; Cline, J. P.; Roth, R. S.; Vanderah, TJA.
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Figure 8. Electron diffraction patterns of HP B@aRyOg taken along the (a) [0001] and (b) [1-210] zone axes.

' : ' T ' packed planes (Figure 10a) and along each of the three
L _ ] i pseudocubic directions in perovskite (Figure 10b). The large
barium can be accommodated on the 12-coordinate A-site
| i without tilting of the (Ca/Ru)@octahedra. However, the average
Ca—0O (2.232 A) and RutO (1.975 A) bond lengths are
- appreciably different from each other, reflecting the disparity
in their ionic radii. As those in S€aRyOy, the Ca-O bonds
o et e . : are slightly compressed (E®expeciea™ 2.4 A), while the
frremt: j average ReO bond (Ru-Oexpected™ 1.965 A) is close to that
I I L I expected from the sum of the ionic radii. Consistent with the
d-szbc;cing A) 30 40 symmetry of the space group, there is significant anisotropy in
) ) i ) ) ) i i the bond lengths around the ruthenium, which is shifted toward
Figure 9. Rietveld refined time-of-flight powder neutron diffraction profile . .
of HP BaCaRuOs (backscatter detector bank at 14#B5Data (red one face of its octahedron. Normally, this would be unfavorable
crosses), fitted profile (green line), allowed Bragg reflections (black bars), for a metal with partially filled d-orbitals, but the high degree
and difference curve (purple lower line) are shown. of covalency of the RaO bonds likely mitigates the negative
electron-electron interactions. The transformation of the AP
hexagonal perovskite polytype to the ordered perovskite is
accompanied by &5% reduction in volume, which corresponds
gto a stabilization energy of approximately 40 kJ/mol at 6 GPa.
atomic coordinates, isotropic thermal parameters, and inter- |N€ conversion can be achieved for all members of the
atomic distances are given in Tables 2 and 3. Sr—xBalCaRuyOg series and can be reversed by heating at 450
The structure is that of a 1:2-ordered perovskite with no tilting °C at ambient pressure. It should be noted here that subjecting
of the (Ca/Ru)@octahedra. As such, HP B2aRuOs represents ~ SBCaRuOg to high pressures did not change the crystal
only the second example of this structure type with a ndn-d Structure nor the cation ordering.
majority metal. The CH and R&*" are sequencefl...—Ca— 3.4. Substitution on Both A- and B-Sites at High Pressure.
Ru—Ru—..} in the direction both perpendicular to the close We anticipated that the transformation of 6HsBaRyOg to

Intensity (arb. units)

iy, -

.
S

refinement cycle yielded lattice parametars- b = 5.8168(2)

A (=v/2ay), c = 7.1619(3) A &+/3a,) andZ = 1, andR, =
4.97%,Ryp = 7.96%, ang;? = 1.49. Relevant details regarding
the data collection and refinement are given in Table 1. Selecte

Q

(b)
Figure 10. Structure of HP BgCaRuyOq (a) viewed along the close-packed planes and (b) viewed along one of the pseudocubic directions of perovskite.
CaQ octahedra are yellow, and Rg@ctahedra are blue.
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ARTICLES Rijssenbeek et al.

was notably different from the AP pattern (Figure 11). However,
the HP structure is not perovskite-like but retains the 6H-type
structure, although the applied pressure induced a disordering
of the C4#" and RG&" over all B-sites, yielding a higher

@ "LLMMMMW symmetry structure. It is likely that higher pressures would

stabilize a perovskite structure, although Cu/Ru ordering seems

unlikely given the disordered nature of Sr{GRUy/3)Os.
l BasYRuW,O9 was synthesized to yield a mixed-valence ruth-
(b) | U J Ly rl pad enate (R&/RuWPT) that might be transformed by the action of

0 20 30 40 50 60 70 80 high pressure. This mixed valence is stable at ambient pressure
26 (°; Cu Ko in the 6H structuré; however, treatment at high pressure did
Figure 11. Powder X-ray diffraction profiles of (a) ambient pressure and not result in a 1:2-ordered perovskite. After it was heated at
(b) high-pressure B&€wOy. Note the orthorhombic splitting of the main 1200 °C under 8 GPa for 1 h, the PXD profile (Figure 12)

eaks in the AP pattern is much reduced in the higher symmetry HP pattern. . .
P P g Y yaep revealed an equimolar mixture of B&RUO; and 6H BaRu@

Intensity (arb. units)

-

s The former is a 1:1 B-site-ordered perovskite witR™Yand
N ¢ Ruw™,27 while the latter is the stable polytype of BaRu&x 8
2 ] GPa and contains only R112
> The results presented in this paper are summarized in Figure
g S 13, which illustrates the factors that govern the formation of
L;— g SrCaRyOy and HP BgCaRuyOg. The fact that only composi-
@ O s tions with Ca and Ru on the B-site form the 1:2 B-site-ordered
g e % :',:5% % perovskite structures is quite surprising and highlights the con-
- ;{G‘ [ %E 3 fluence of several geometric and stoichiometric requirements
10 20 30 20 50 60 70 80 that are only satisfied by a very limited number of constituent
26 (°; Cu Ko elements. In both $€aRyOy and HP BgCaRuyO,, the
Figure 12. Powder X-ray diffraction profile of B&fRu2Q, treated at 1200 particular choice of constituent elements makes possible a
°C under 8 GPa for 1 h. The main peaks attributed teYBaiOs and 6H perovskite structure as opposed to other conceivable alternatives.

BaRuQ are labeled. That calcium fc2+ = 1.00 A) is one of the largest cations that

perovskite under pressure might lead to the discovery of other ¢@n beé accommodated on the octahedral B'fit‘? o;perov+skite is
ordered mixed-metal perovskite ruthenates. Because the 6HCTUCial because smaller divalent cations (e.¢?NWg?", Cu#",
structure is ubiquitous in the BeM—Ru—O system, the  OF ZI¥¥) do not form ordered perovskites when combined with

investigation of possible transformations was likely to be fruitful. RU" (rr* = 0.565 A). In fact, only the largest two (€uand

Specifically, we investigated BBIRU,Os with M = Ni,4 Cu7, Zn2*) form a mixed-metal perovskite structure. Cations larger
and Y5 to determine the phase stability of HP 8aRuOq than calcium (e.g., 3t) do not fit into the octahedral sites of
and whether other ordered perovskites were accessible. the perovskite structure (at least, wher¥'Sis the A-cation),

For BaNiRu;0s, no change in the PXD pattern was detected and therefore yield polytype structures, such aiR8:04”%, or
after high-pressure treatment, which indicates that a 1:2-orderedmultiphasic products.
nickel-ruthenium perovskite is not stable up to 8 GPa. Thisis  Under pressure, the area of perovskite stability in Figure 13
consistent with the finding that $MiRu,Og also does not form is extended to include compositions with larger average A-cation
a B-site-ordered structure. On the other hand, the PXD patternradii. The large size of calcium allows the tolerance factor of
of HP BaCuRWpOg heated to 1400C under 8 GPa for 30 min  BagCaRuyOg to remain small enought & 1.009), such that

A A

Hexagonal
161 - Ba,CaRu,0, AP: Hexag‘onal 1.18 1~  Sr;SrRu,0, = Sr,Ru,04 Perovskite
Perovskite A Polytype
! Polytype |
< HP: 1:2 "
- 'y Ba,CaRu,0, + % Sr,CaRu,0, BN _B
@ L4t = Sr, ;Ba, sCaRu,0, Ordered = 1 Srﬁa?uzog 1:2 Ordered
S A Perovskite -~ i Perovskite
8 = 3 i
c 144+ Sr,CaRu,0, 35 ¥
:.9_. ! ® 0.74 1 Sr,ZnRu,0, = Sr(Zn, ;Ru, )0, Disordered
© i c .
o E 1:2 Ordered © 0.73 1-Sr;CuRU,0, = Sr(Cu, 5RU,,5)0, Perovskite
< ! Perovskite © !
] v o i
g Ru,0, = R o
£ 139 mea et R R 0724 SrRUO, + Sr,RUO, + MgO LIS
S | Multiphasic
< ! Mixture
= s 4+
hd Multiphasic 069~ SrRuO, + Sr,RuO, + NiO wi Ru
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v wl Ru** il

Figure 13. Summary of structures and compositions formed in thBRW,Og system as a function of isovalent A- and B-cation sizes.

680 J. AM. CHEM. SOC. = VOL. 127, NO. 2, 2005



Phase Stability of 1:2 B-Site-Ordered Perovskite Ruthenates ARTICLES

under pressure, the perovskite structure is preferred over aln addition to the average size, the disparity of the sizes can be
hexagonal polytype structure. The tolerance factors of Ba expected to have an effect on the resulting structure, as it does
NiRu;Og (t = 1.061) and BgCuRwOy (t = 1.054) are in manganates and cuprafés.

appreciably larger than unity; therefore, these compounds retain )

the 6H structure even under pressure. On the basis of the size# Conclusion

arguments described above3tY(ry3+ = 0.900 A:t = 1.016) SKCaRuOs and HP BaCaRuO, are the only examples of
might be expected to take a perovskite structure under pressureq.» g_site-ordered perovskites wherein the majority metal has

In fact, a perovskite does result (BRuOs); however, thisis  yanially filled d-orbitals and prove that unanticipated structures
at a 1:1 stoichiometry, leaving behind BaRu®aCaRuOy can arise when cation combinations are chosen such that very
cannot disproportionate in the same fashion becaug@auQ specific cation size and valence constraints are met. In both
would require highly oxidized R, which cannot be achieved 5565 the size of calcium relative to ruthenium is a critical
under the synthetic conditions of our experiments. Thus; Ba gy cture-determining factor. Calcium is large enough to foster
CaRuyO, exhibits a unique combination of factors that allows  aion ordering with ruthenium yet small enough to it into the
the transformation of the hexagonal polytype to the 1:2 B-site- .(ahedral B-site of perovskite. The scarcity of other cation-
ordered perovskite structure by the application of high pressure. g hstituted compositions at either ambient or high pressure
In addition to the essential role of calcium, the A-site cation nderscores the strict size and valence requirements that must

is similarly important in stabilizing the perovskite structure. At o met by the constituent cations to achieve 1:2 B-site-ordered
ambient pressure, the formation of perovskite with even small perovskite ruthenates.

amounts of barium is defeated by the exceptional stability of
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