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The structure of (BiCa)Ru207_y , space group Fd3m, a = 
10.2246(1) .&, y = 0.14, has been determined by Rietveld analysis 
of room temperature powder neutron diffraction data. The XPS 
of the compound displays two Ru 3d doublets due to screening 
effects. The magnetic properties of  the material between 4 and 
300 K are reported. © 1995 Academic Press, Inc. 

INTRODUCTION 

Ternary ruthenium oxides adopting the cubic pyro- 
chlore structure, of  the general form A2B2060', are of  
considerable interest for use as electrode materials, as 
thin film resistors, and as oxidation catalysts (1-8). It 
appears that both the electronic properties of  these materi- 
als and their reactivity are related to the extent  of  oxygen 
nonstoichiometry and/or  to the precise R u - O - R u  con- 
tacts (9, 10). As part of  a wider study of  the relationship 
between the electronic properties,  the presence and site 
occupancies of  oxygen nonstoichiometry,  and the electro- 
chemical properties of  pyrochlore  oxides (11-14), the 
mixed metal pyrochlore  (BiCa)Ru207_y has been prepared 
and characterized. 

peaks were observed in the survey scan. All binding ener- 
gies were referenced to the C ls signal at 284.6 eV. The 
operating pressure was below 10 -9 Torr.  Scanning elec- 
tron micrograph images were collected with a Philips SEM 
505. Magnetic susceptibility data were collected at 0.5 
and 1 T between 4 and 300 K using a SQUID device. 

Powder  neutron diffraction data were collected over  
the range 0 < 20 < 155 ° in 0.05 ° steps on the HRPD at 
ANSTO' s  HIFAR reactor  using neutrons of  wavelength 
1.4925 A (16). The final profile was obtained from a 
weighted average of the eight counters on the HRPD. The 
lightly ground sample was contained in a thin-walled 12- 
mm-diameter vanadium can which was rotated during the 
measurements to reduce the effects of preferred orien- 
tation. 

The structure refinement was undertaken with the PC 
version of  the computer  program L H P M  (17), which uses 
a full profile Rietveld analysis (18). The background was 
defined by a fourth-order  polynomial in 20 and was refined 
simultaneously with the other  profile and structural pa- 
rameters.  A Voigt peak shape function was employed,  
where the Gaussian component  has widths given by the 
Caglioti, Paoletti, and Ricci function (19), 

EXPERIMENTAL F W H M 2 = U tan20 + V tan 0 + W, 

Analytical grade Bi203 and CaCO3 were dried at 900°C 
and 300°C, respectively,  before use. Stoichiometric 
amounts of  Bi20 3, CaCO3, and Ru ( 1 : 2 : 4 )  were inti- 
mately mixed in an agate mortar  and pestle. The mixture 
was fired in an alumina crucible at 650°C for 1 hr to drive 
off CO 2 , followed by 3 x 1 day + 4 days at 800°C, 2 days 
at 900°C, and 2 x 2. days at 1000°C with intermediate 
grindings between each heating step (15). All heating was 
done in air. Powder  X-ray diffraction measurements,  re- 
corded on a Siemens D-5000 diffractometer,  confirmed 
the presence of a single-phase pyrochlore- type material. 

X-ray photoelectron spectra were collected using a 
Kratos XSAM 800 spectrometer  with M g K a  (1254.6 eV) 
radiation at 15 kV, 10 mA. A pass energy of 80 eV was 
used to collect a survey scan, and individual regions were 
collected with a pass energy of 20 eV. No unexpected 
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with refinable parameters  U, V, and W. The widths of  the 
Lorentzian component  varied as "0 sec 0 to model particle 
size effects and a peak asymmetry  parameter  was in- 
cluded. The coherent  scattering lengths used were Ru, 
0.7210; Bi, 0.8533; Ca, 0.4900; and O, 0.5805 x 10 -12 cm 
(20). The refinement was considered to have converged 
when all the parameter  shifts were less than 10% of  their 
associated e.s .d 's  in the last cycle. Final parameters  are 
given in Table 1. The final R factors were Rp = 6.89, 
Rwp = 8.80, Rex p = 4.47, and R B = 1.17%. 

RESULTS AND DISCUSSION 

Scanning electron micrographs of  the material showed 
it to be highly crystalline with particles of  about 400 nm 
diameter. The individual crystallites are well formed, al- 
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TABLE 1 
Atomic Coordinates and Thermal Parameters (10 -3/~2) for BiCaRu207 at Room Temperature 
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Atom Site x y z Occupancy Ull U22 = U33 U12 = Ul3 U23 

Bi/Ca 16d 0.5 0.5 0.5 1.0 13.3(5) UII -2.9(4) UI2 

Ru 16c 0 0 0 0.97( 1 ) 2.7(5) Ull  - 0.6(4) UI2 
O 48f 0.3256(1) 0.125 0.125 1.0 9.5(5) 7.3(4) 0 2.5(5) 
O' 8b 0.375 0.375 0.375 0.86(2) 15.4(1.6) UI~ 0 0 

though obviously intergrown (see Fig. 1), and there is no 
evidence either for segregation of Ca from the material 
or for an amorphous phase. 

Refinement of the powder neutron diffraction profiles 
proved straightforward. Examination of the profiles gave 
no evidence for any lowering of the symmetry such as 
occurs in, for example, Pb2Ru206. 5 , where there is an 
ordering of the oxygen site vacancies (7), and so refine- 
ment was undertaken in space group Fd3m. Refinements 
in which the occupancies of both Bi and Ca were varied, 
both simultaneous and independently, gave values within 
1 e.s.d, of the expected value, and these sites were con- 

strained to be fully occupied in the final cycles. The occu- 
pancies of both the Ru and the 0(2) sites were found to 
be significantly less than the stoichiometric values and 
indicate a final stoichiometry of (BiCa)RUl.9706.86. The 
slight ruthenium deficiency is presumably due to the for- 
mation of the volatile RuO 4 species during the prepara- 
tion. Figure 2 shows the observed and calculated neutron 
diffraction profiles of BiCaRu207_y. The final crystallo- 
graphic parameters are listed in Table 1. 

MgKa X-ray photoelectron spectra of the Ru 3d and 
Bi 4f core levels of (BiCa)Ru2OT_y are shown in Fig. 3. 
The Ru 3d doublet overlaps with the C ls line, and it is 

FIG. 1. Scanning electron micrographs of (BiCa)Ru207_>,. 
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FIG. 2. Observed, calculated, and difference neutron powder diffraction profiles for BiCaRu2OT_y. The observed data are indicated by crosses 

and the calculated profile by the solid line. The short vertical lines below the profiles mark the position of all possible Bragg reflections. 

necessary to utilize a number of constraints in the analysis 
of the spectra. The protocol used was to fit the intensity 
near 281 eV to a single Ru 3d5/2 line and then to construct 
the corresponding Ru 3d3/2 line using standard constraints 
(14, 21). A C Is line was then added near 284.6 eV and 
then the unfitted intensity near 282.5 eV was fitted to a 
second Ru 3d doublet. Finally the region above 285 eV 
was fitted with an additional C ls line, giving a measure 
of fit of 2.61%. As evident from Fig. 2, two Ru 3d 
doublets, of approximately equal intensity, are observed, 
and it is tempting to ascribe these to Ru(IV) and Ru(V) 
species. While it is difficult to interpolate between the 
neutron diffraction and XPS results, the presence of two 
Ru 3d doublets, with the higher BE having lower inten- 
sity, suggesting that there is a slight deficiency of Ru(V), is 
consistent with the need to charge balance for the oxygen 
deficiency. Such an explanation, while pleasing in its sim- 
plicity, is inconsistent with the pyrochlore structure in 
which a single Ru site is present. A more likely explana- 
tion of the XPS results is that the doublet at lower BE is 
due to screening of the Ru 4d levels by the conduction 
electrons (6, 22). If this is true then the XPS of all atoms 
involved in the conduction should also exhibit the effects 
of screening. The Bi 4fdoublets are noticeably asymmet- 
ric toward higher BE, as is the O ls peak. This has been 
observed in both the metallic oxides Bi2Ru206. 9 and the 
nonpyrochlore material Bi3Ru30 H and is ascribed to the 
combined effects of both slight surface segregation of a 

Bi species and screening by the conduction electrons. 
The Ca 2p line is a simple doublet. The photoelectron 
spectrum of the Ru 4d conduction band region is similar 
to that found for CaRuO 3 (5) in that it shows a poorly 
resolved conduction band shape with a small Fermi edge 
suggesting that electron-electron interactions are im- 
portant. 

The magnetic properties of the material between 4 and 
300 K have been determined and are shown in Fig. 4. It 
is apparent that the material does not exhibit the weak 
Pauli temperature-independent paramagnetism typical of 
metals, but rather shows Curie-Weiss type behavior with 
the magnetic moment decreasing from 1.99 BM at 300 K 
to 0.3 BM at 4.2 K. This behavior cannot be readily ex- 
plained in terms of coupling of the spins of localized 
Ru (IV) and Ru (V) centers, but rather suggests delocal- 
ization of the spin of the system. The Ru (IV) perovskites 
CaRuO 3 and SrRuO3 are metallic, but both have large 
temperature-dependent susceptibilities, presumably as a 
consequence of enhancement of exchange interaction be- 
tween electrons in the conduction band, a Stoner enhance- 
ment (22). Preliminary conductivity measurements show 
the present material to exhibit high conductivity, which 
together with the poorly resolved Fermi edge observed in 
the photoelectron spectra suggest the material is metallic. 
Unfortunately it has not been possible to prepare single 
crystals to confirm this. Cox and co-workers have shown 
that the Ru 4d conduction band in ruthenium pyrochlores 
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X-ray photoelectron spectra of (a) the Ru 3d and C Is, and (b) the Bi 4f regions of (BiCa)Ru207_y. 

is relatively narrow (22, 23), which enhances electron- 
electron interactions and consequently the paramagne- 
tism of the complex. The weight of evidence suggests that 
a similarly narrow conduction band is present in (BiCa) 
RU207-y. 

High resolution neutron diffraction data for a number 

of ruthenium-containing pyrochlores are now available 
and are summarized in Table 2. The unit cell length in 
(BiCa)RUl.9706.86, 10.2246(7) /~, is slightly (~ 0.7%) 
smaller than found in Bi2Ru206. 9 (14), 10.2957(1) /~, in 
keeping with the smaller ionic radius of Ca 2+ vs Bi 3+ as 
well as with the formal decrease in the Ru oxidation state 
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TABLE 2 
Structura l  Paramete r s  for a Number  of R u t h e n i u m  Pyrochlores of the  Type A2Ru2OT_y 

A Bi 2 BiCa PbBi a P b f  TI2(HT) T12(LT) Y2 

a (,~) 10.2957 10.2246 10.2519 10.2758 10.2008 10.2116 10.1429 
y 0.08 0.14 0.50 0.50 0.29 0.00 0.00 
Ru-O (,~) 1.984 i.966 1.987 1.969 1.953 1.970 1.991 

1.963 1.954 
A-O(6) (,~) 2.550 2.539 2.573 2.563 2.549 2.523 2.450 

2.533 2.564 
A-O(2) (~) .2.229 2.214 2.211 2.260 2.209 2.211 2.196 
Ru-O-Ru  (°) 133.14 133.69 134.95 134.81 134.88 132.74 128.45 
Ref. (14) This work b (7) (9) (9) (8) 

a Ordering of the oxygen vacancies occurs, see reference (7). 
b B. J. Kennedy and M. M. Elcombe, unpublished observations. 

from 4.5 to 4. This contraction in unit cell length is re- 
flected by a 0.9% decrease in the Ru-O bond lengths to 
1.966(1) ,~, compared to 1.984(1) A in Bi2Ru206. 9. The 
Bi(Ca) oxygen distances, two at 2.214(1) and six at 
2.539(1) .~, are also about 0.6% smaller than observed for 
Bi2Ru206.9, 2.229 and 2.550 ,~, respectively. 

It is informative to note that while the Ru-O-Ru angle 
in metallically conducting Ru pyrochlores is larger than 
that found in semiconducting samples such as Y2Ru207 
(8) or TI2Ru207 (9) prepared at high temperatures, this 
difference is relatively small and can, in part, be explained 
by changes in the size of the unit cell. In pyrochlore 
oxides, as the unit cell dimension increases, so too does 
the B - O - B  angle. A more striking observation is the 
persistence of oxygen vacancies in the metallic pyro- 
chlores such as Pb2Ru206. 5 or Bi2Ru206. 9. There is appre- 
ciable oxygen nonstoichiometry in (BiCa)Ru206.86, sug- 
gesting this is in fact also a metallic oxide. Further studies 
exploring this observation are in progress and will be 
reported in due course. 
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FIG. 4. Magnetic moments (Rq) and reciprocal susceptibility (~) (per 
Ru) vs temperature for BiCaRu207_y. 
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