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distances, forming a trigonal antiprism with an octahedron
The structures of four semiconducting ruthenium pyro- as the limiting case. The oxygen anions, O and O9, often

chlores, Ln2Ru2O7 (Ln 5 Pr, Nd, Tb, and Yb) have been deter- labeled O(1) and O(2), occupy the 48( f ) (x, 1/8, 1/8) and
mined by Rietveld refinement of powder neutron diffraction 8(b) (3/8, 3/8, 3/8) sites, respectively. Thus, in order to com-
data. These structures, when compared with those of other Ru pletely describe the three-dimensional arrangement of ions
containing pyrochlores, especially the metallically conducting in the structure, only one positional parameter must be de-
pyrochlores, demonstrate that the differences in the Ru–O bond termined. In principle the unknown oxygen coordinate can
distances between metallic and semiconducting ruthenium

be determined by both X-ray and neutron diffraction; how-pyrochlores are small and highlight the importance of the easily
ever, the relatively small X-ray scattering power of oxygenpolarizable group 13/15 cations in facilitating large Ru–O–Ru
compared to the lanthanides (Ln) or transition metals sug-angles. While Ru–O–Ru angles greater than 1338 are undoubt-
gests that neutron diffraction is the more appropriate tech-edly necessary to facilitate metallic conductivity, it appears that
nique, especially when only powder samples are available.electron delocalization from the A site cation is at least equally

important.  1996 Academic Press, Inc. The ruthenate pyrochlores are among the most widely
studied pyrochlores due to both their technological impor-
tance, as electrode materials (7), catalysts (8, 9), and com-

INTRODUCTION ponents in thick film resistors (10), and their unusual elec-
tronic properties (11–13); the Ru 4d electrons are

The pyrochlore structure was first determined by von borderline between localized and itinerant behavior and
Gaertner in 1930 (1) and over the following 65 years many depending on the A-type cation the materials are either
hundreds of pyrochlore type materials have been charac- metallic Pauli paramagnets, e.g., Bi2Ru2O72y , or semicon-
terized. Most of the earlier studies were the topic of a ductors with a spontaneous ruthenium atomic moment,
comprehensive review by Subramanian et al. in 1983 (2). e.g., Y2Ru2O7 . While there have been a number of at-
During the past 15 years there has been considerable tempts to correlate the structural and electronic properties
growth in the number of reported studies on pyrochlore- of the ruthenate pyrochlores (3–5, 11–13) only for a hand-
type oxides as a consequence of the stability and diverse ful of these materials are precise structural data available.
physical properties of these materials. The pyrochlore For a number of these studies the interest has been directed
structure with general formula A2B2O6O9 is formed by a toward understanding the ordering of the oxygen vacancies
wide variety of ions and tolerates a high degree of nonstoi- and the A site cation in the oxygen-deficient pyrochlores
chiometry on the O9 anion and the A cation sites (2). The such as Pb2Ru2O6.5 (6, 14). As described by Bweyerlein et
ideal pyrochlore structure, space group Fd3m (No 277), al. (6), weak (420) and (640) reflections are observed in
has eight formula units per cell; see Fig. 1. Depending on the X-ray diffraction pattern of Pb2Ru2O6.5 which are for-
the study the origin can be chosen for either the A or the bidden in space group Fd3m and the structure has thus
B cation. Typically for ruthenate pyrochlores (3–6) the been described in space group F43m. For other Ru pyro-
origin is chosen such that the larger A cations occupy the chlores such as Bi2Ru2O6.9 (3) or Tl2Ru2O6.7 (15), the oxy-
16(c) sites at (0.5, 0.5, 0.5) and have a compressed MO8 gen vacancies are statistically disordered on the 8b site and
scalenohedral coordination. The smaller B cations, in the the materials adopt a regular pyrochlore structure with

space group Fd3m.16 (d) sites at (0, 0, 0), are bonded to six anions at equal
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error in the oxygen positional parameter obtained by
Kanno and co-workers in their powder X-ray structural
study of Bi2Ru2O7 , 0.315(5) (5) versus 0.3266(1) found by
Facer et al. (3) in their powder neutron diffraction study,
prompted the present study in which neutron powder
diffraction was used to accurately describe the structure
of the four semiconducting ruthenate pyrochlores with
A 5 Nd, Pr, Tb and Yb. These compounds were selected
to provide a wide range of lattice parameters and hence
RuO6 geometries. When taken with other published neu-
tron diffraction studies, this work attempts to develop a
more precise description of the structural differences be-
tween metallic and semiconducting ruthenate pyrochlores.
A second aim of the present work is to identify periodic
trends in the bonding of these complexes using valence
bond sums.

FIG. 1. Pyrochlore structure of general formula A2B2O6O9 projected
onto (1 1 0) showing the eightfold coordination of the A cations and

EXPERIMENTALsixfold coordination of the B cations. The O9 atoms are only bonded to
the A cations.

The ternary oxides Ln2Ru2O7 were prepared by heating
molar ratios of RuO2 and M2O3 , Pr6O11 , or Tb4O7 (Aldrich
Chemicals 99.99%) in air. The materials were first mixed
thoroughly in an agate mortar and cold pressed intoTl2Ru2O72y displays a metallic–semiconductor transition

around 120 K, the exact temperature being dependent on 13-mm discs at 10 tons. The samples were heated progres-
sively at 750, 850, and 10508C for 24 h with intermediatethe amount of oxygen vacancies (11). Kanno et al. (15) used

powder neutron diffraction to determine the structure of regrindings. The materials were finally fired at 12008C for
96 h. Powder X-ray diffraction measurements revealed theboth the stoichiometric, semiconducting material

Tl2Ru2O7 formed at low temperatures, hereafter referred presence of small amounts of the orthorhombic fluorite
related compounds Ln3RuO7 for Ln 5 Pr, Nd, and Tb orto as Tl(LT), and the metallic oxygen-deficient material,

Tl2Ru2O6.7 , formed at high temperatures, Tl(HT). Based Yb2O3 (17). This is presumably a consequence of loss of
the more volatile Ru oxides.on this and on previous powder X-ray diffraction studies,

Kanno et al. concluded (15) that metallic ruthenate The powder neutron diffraction data were collected us-
ing thermal neutrons with wavelength of 1.8857 Å on thepyrochlores are characterized by relatively short Ru–O

bonds, ca 1.95 Å compared with ca 1.98 Å in the high-resolution neutron powder diffractometer (HRNPD)
at beamline H1A of the high-flux beam reactor (HFBR)semiconducting analogues, and more open Ru–O–Ru

angles, 135–1408 for metallic species versus 129–1348 at Brookhaven National Laboratory (BNL) (18, 19). The
HRNPD is equipped with a bank of 64 individual 3Hefor semiconducting oxides. The effect of smaller Ru–O

distances and larger Ru–O–Ru angles is to increase detectors, and data were collected at room temperature
between 108 and 1558 in 0.058 steps. About 5 g of thethe overlap between the Ru 4d and O 2p orbitals.

Independently an accurate neutron diffraction study of sample was housed in a thin walled vanadium container.
No precautions to avoid preferred orientation were taken.Bi2Ru2O7 was reported by Facer et al. (3) in which the

Ru–O distance was found to be 1.983 Å and the Ru– All structural refinements were performed using a ver-
sion of Hill and Howard’s program LHPM (20), modifiedO–Ru angle 133.148. Using the criteria of Kanno et al.,

these data suggest that this metallic oxide should in fact for a personal computer. A Voight function was used to
model the shape of the peaks. The width of the Gaussianbe a semiconductor. There is an obvious need to further

refine the ideas of Kanno et al. (15). component was taken to vary in accordance with the ex-
pression due to Caglioti et al. (21), and the width of theRecently Kennedy et al. (16) used powder neutron dif-

fraction methods to determine accurate structural parame- Lorentzian component was coded to vary with hsecu
to model particle size broadening. Since trace amounts,ters in the series of stannate pyrochlores, Ln2Sn2O7 , and

demonstrated that the Sn–O distance and Sn–O–Sn angles 2–4 wt%, of Ln3RuO7 (17) or Yb2O3 (22) were observed
in the samples, the presence of this second phase wasvary systematically with the size of the unit cell. Further

for a given B site cation the lattice parameter of the pyro- included in Rietveld refinement.
Valence bond sums and Madelung site potentials werechlore is primarily determined by the ionic radii of the A

site cation. These observations, together with the large calculated using the program EUTAX (23).
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RESULTS AND DISCUSSION Gd, all have prohibitively high neutron absorption cross
sections. It should be noted that even for the semiconduct-

The results of the neutron powder data refinement are ing materials, the observed values for x are at best in poor
presented in Table 1 and the fits to the powder patterns agreement with those predicted using the mathematical
are shown in Fig. 2. The initial parameters of the impurity relationship developed by Nikiforov (26) and exploited
phases Pr3RuO7 , Nd3RuO7 , and Yb2O3 were taken from by McCauley (27), implicating that electronic effects are
the literature (17, 22), while those for Tb3RuO7 were esti- equally important in controlling the value of x.
mated from the previous work of van Berkel and Ijdo (24). For the pyrochlore structure, the sixfold coordination
In all cases no evidence for deviation from the expected of the B site cation, Ru, is a trigonal antiprism stretched
stoichiometry of the pyrochlore phases was observed. This along the 23 axis so that the distance between two oxygen
is in marked contrast to the metallic conducting ruthenate ions of opposite basal planes is larger than the distance
pyrochlores, which invariably contain appreciable oxygen between two oxygen ions in the same basal plane. For a
vacancies. The individual bond lengths and angles of the given lattice parameter, as the value of x decreases, the
pyrochlore phases are listed in Table 2. Ru–O distance decreases and the trigonal antiprism is com-

Figure 3 shows a plot of the dependence of the cubic pressed along the 23 axis until at x 5 0.3125 a regular
lattice parameter a0 on the ionic radii of the A site cation octahedron is obtained. At the same time the decrease in
r31

A for the 8 ruthenate pyrochlores A2Ru2O72y , A 5 Pr, x lessens the apparent compression in the AO8 scalehe-
Nd, Y, Tb, Yb, Bi, Tl(LT), and Tl(HT), the structures of dron, the two A–O(2) bonds along the 23 axis are notice-
which have been determined using powder neutron diffrac- ably shorter than the other six, equidistant, A–O(1) dis-
tion (3, 15, 25). It is immediately apparent from this figure tances (Table 2). Since the short A–O distance is to O(2)
that while the lattice parameter of the semiconducting Ln and this distance is independent of the x value, what in
and Y pyrochlores display the expected simple linear re- fact happens is that the A–O(1) distance decreases more
sponse on r31

A for the three compounds containing group rapidly as x increases. Thus it would appear that the polar-
13 or 15 cations, Tl or Bi on the A site, there is considerable izable A site cations, Tl and Bi, repel the distant O(1) atom,
deviation from this simple relationship. For the Bi com- causing the RuO6 polyhedron to become more compressed
pound this is a negative deviation; the lattice parameter is and the Ru–O bond distances to shorten. This effect is
smaller than anticipated and for the Tl samples there is a illustrated in Fig. 5, where the Ru–O and A–O(1) bond
positive deviation, the lattice parameter being larger than distances are seen to be anomalous for the group 13/15
predicted. The anomalous behavior of the three group cations containing compounds, although this effect is ex-
13/15 compounds is further illustrated in Fig. 4, where the tremely subtle and only becomes evident on examination
unique oxygen positional parameter is seen to be systemati- of a number of structures.
cally lower than the values observed for the Ln or Y com- A second structural consequence of the variation in the
pounds, which display a linear decrease in x as the lattice oxygen positional parameter is the variation in the Ru–
parameter increases. Ideally the structure of a ruthenate O–Ru angle. As discussed in more detail elsewhere by
pyrochlore with a lattice parameter in the range 10.20– Kanno and co-workers (4, 5, 15), it is generally believed
10.30 Å should be studied by neutron diffraction methods; that metallic conductivity in the ruthenate pyrochlores re-
however, the cations which yield such values, Sm, Eu, and quires an ‘‘opening-up’’ of the Ru–O–Ru angle. This in-

deed appears to be the case, as is revealed in Fig. 6, where
a number of other metallic ruthenates have been included

TABLE 1 for comparison. There is a clear difference between the
Structural and Isotropic Thermal (31023 Å) Parameters for Ln or Y ruthenates and those with group 13/15 cations,

Ln2Ru2O7 Pyrochlores where in all cases the Ru–O–Ru angle is considerably
greater than expected purely on the basis of the size ofPr Nd Tb Yb
the A site cation. In light of the present data, the bond

Ionic radii (Å)28 1.126 1.109 1.040 0.985 angles of the two Tl compounds appear the most unusual
a (Å) 10.3775(1) 10.3442(1) 10.2063(1) 10.0752(2) and suggest that if the Ru–O–Ru angle is less than 1338
x 0.3295(1) 0.3301(2) 0.3353(2) 0.3378(2) the compound will be a semiconductor and if it is greater
Biso Ln 0.64(3) 0.86(5) 0.64(5) 0.87(5)

than 1338 it will be a metallic oxide provided the Ru–ORu 0.44(3) 0.20(4) 0.40(4) 0.76(3)
distance is acceptably small. Overall, however, it is obviousO(1) 0.47(1) 0.50(3) 0.62(3) 0.95(2)

O(2) 0.58(3) 0.69(10) 20.14(9) 0.24(11) from Fig. 5 and 6 that the structural differences between
R20

p 6.62 7.24 6.99 7.52 the metallic and semiconducting ruthenate pyrochlores are
Rwp 8.94 9.90 8.95 10.62 extremely small.
Rexp 3.34 3.59 3.59 5.16

The above describes the essential structural differencesRBragg 2.44 2.21 3.23 2.60
between the metallic and semiconducting ruthenate pyro-
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FIG. 2. Rietveld refinement plot of (a) Pr2Ru2O7 , (b) Nd2Ru2O7 , (c) Tb2Ru2O7 , and (d) Yb2Ru2O7 . The upper tick marks indicate the location
of individual Bragg reflections due to the pyrochlore phase and the lower tick marks those of impurity phases. The lower curve is the difference
plot between the observed and calculated profiles.

chlores, namely the relatively large Ru–O–Ru angle and normal ‘‘lattice parameter,’’ a value of 10.479 Å could be
extrapolated from the series of five Ln and Y pyrochlores.short Ru–O bond distances. However, this still does not

answer the question of why the lattice parameters of the Then a ‘‘favorable’’ Ru–O–Ru angle, .1338, is found for
any value of x , 0.3242, a value also obtained by extrapola-Bi and Tl compounds are anomalous. As may be expected,

part of the answer is related to the structural requirements tion of the Ln data. However, this results in longer Ru–O
bonds, 2.019 Å, unless the value of x is decreased. In orderof good conductivity. If the Bi compound were to have a
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FIG. 2—Continued

for the Bi compound to have both reasonably short Ru–O ceptably small for metallic conductivity. In order to obtain
favorable Ru–O overlap, the value of x needs to be reducedbond distances and a large Ru–O–Ru angle it is necessary

for the lattice to contract below the predicted value. In toward the observed value. At the same time, unless the
lattice expands, this would result in an unacceptably shortthe case of the Tl compounds, the extrapolated lattice and

oxygen positional parameters provide a ‘‘favorable’’ Ru–O Ru–O bond distance of 1.93 Å, which is significantly
shorter than the sum of the ionic radii for Ru41, 0.62 Å, anddistance, 1.976 Å; however, the Ru–O–Ru angle is unac-



266 KENNEDY AND VOGT

TABLE 2
Selected Structural Features for A2Ru2O72y Compounds

Tl2Ru2O7 Tl2Ru2O7

Bi2Ru2O7 BiCaRu2O7 PbNdRu2O7 (HT) (LT) Pr2Ru2O7 Nd2Ru2O7 Tb2Ru2O7 Y2Ru2O7 Yb2Ru2O7

a (Å) 10.2957 10.2246 10.2978 10.2008 10.2116 10.3775 10.3442 10.2063 10.1429 10.0752
x 0.3266 0.3256 0.3251 0.3235 0.3273 0.3295 0.3301 0.3353 0.33527 0.3378
y 0.08 0.14 0.19 0.29 0.00 0.00 0.00 0.00 0.00 0.00
Metallic Yes Yes Yes Yes No No No No No No
B–O 1.984 1.966 1.978 1.953 1.970 2.012 2.008 1.999 1.991 1.989
6 3 A–O(1) 2.550 2.539 2.561 2.549 2.523 2.549 2.536 2.459 2.450 2.417
2 3 A–O(2) 2.229 2.214 2.230 2.209 2.211 2.247 2.240 2.204 2.196 2.181
B–O–B 133.14 133.69 133.97 134.88 132.74 131.57 131.25 128.48 128.45 127.18
Ref. 3 14 5 15 15 This work This work This work 25 This work

O22, 1.38 Å (28). Thus in order to obtain large Ru–O–Ru where values for R0 are the valence bond parameters for
each bond pair and dij are the actual bond distances. Theangles, and an acceptably short Ru–O bond distance there

is the need for appreciable variation in the lattice parame- values of R0 were taken from the literature (29). Valence
bond sums were then obtained by simply summing overters. This point will be discussed further below.

The presence of easily polarizable group 13/15 cations all neighbors for each site:
apparently enhances the opening of the Ru–O–Ru contact
to the point where the Ru 4d electrons are near the transi- Vi 5 oni j .
tion from iterant to localized behavior (11–13). This raises
the question of what the electronic implications of these Figure 7 illustrates the variation in the valence bond

sums for the four types of atoms in the cell: A, Ru, O(1),structural changes are. To address this, valence bond sums
and Madelung site potentials have been calculated using and O9. For the Bi and Tl compounds, the Ru valence

bond sums are larger and the A site values are lower thanthe program EUTAX (23). The valence sums are obtained
by first determining bond valencies as would be anticipated from comparison with the Ln or Y

compounds. Even for the ‘‘simple’’ semiconducting ruthen-
ates, the band valence calculations deviate significantlyni j 5 exp[R0 -dij )/0.37 Å],

FIG. 3. Cubic lattice parameter as a function of the ionic radii of the A site cation for some ruthenium pyrochlores. The data for the nonmetallic
lanthanide containing oxides follow an apparent linear variation.
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FIG. 4. Oxygen positional parameter, x, as a function of the cubic lattice parameter for some ruthenium pyrochlores. The data for the nonmetallic
lanthanide containing oxides follow an apparent linear variation.

from the formal valence charges. The variation in valence (31) in the pyrochlore Tl2Nb2O61x , where covalent interac-
tions are believed to be important. The present resultsbond sums from the formal charge on the ion is generally

ascribed to either strain in the bonding or covalency (30) indicate a decrease in the electron density (increased va-
lence) of the Ru centers and a concurrent increased densityand has, for example, been observed by Fourquet et al.

FIG. 5. Ru–O and Ln–O bond distances as a function of the cubic lattice parameter for some ruthenium pyrochlores. The data for the nonmetallic
lanthanide containing oxides follow an apparent linear variation.
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FIG. 6. Ru–O–Ru angle as a function of the cubic lattice parameter for some ruthenium pyrochlores. The data for the nonmetallic lanthanide
containing oxides follow an apparent linear variation.

in the Tl and Bi cation relative to the more normal semicon- atic since the lattice parameter has apparently contracted
while the ‘‘effective’’ oxidation state of the Bi has de-ductors. For the Tl compounds, at least, this is readily

explained by allowing for partial reduction of the formal creased.1 The decrease in the effective Bi oxidation state
agrees with the presence of appreciable oxygen vacanciesTl31 ions to Tl1, which would cause an increase in the

effective ionic radii of the A site cation and thus an increase on the O(2) site. However, it is difficult to imagine formal
reduction of the Bi31 occuring; intuitively partial reductionin the lattice parameter as is in fact observed. This is also

in agreement with the appreciable oxygen vacancies ob- of the Ru41 is expected to occur to compensate for the
oxygen vacancies and indeed electrochemical measure-served in Tl2Ru2O72y (15). There is evidence to suggest

that both oxidation states of Tl can coexist in the oxygen ments demonstrate that Ru31 is formed before bulk reduc-
tion of Bi31 occurs (7, 33). Reduction of Ru41 is, however,defect pyrochlores Tl2NbO61x and Tl2Ta2O6 (32), although

in these compounds the Tl is displaced away from the 16 expected to slightly increase the lattice parameter in con-
trast to the behavior shown in Fig. 3. It must, however, bed sites at (0.5, 0.5, 0.5) and is statistically distributed on

half the 32(e) positions at (u, u, u), where u > 0.5 (31). recalled that Bi31 has a 6s lone pair (as does Tl1) which
can be sterochemically active. Initially the 6s lone pair isAs the oxygen content increases, the Tl moves toward

the 16(d) site. There is no evidence to suggest a similar thought to be uniformly delocalized around the Bi31 center;
however, it is feasible that these electrons are involveddisplacement has occurred in the ruthenate pyrochlores.

Nevertheless there does appear to be a partial reduction in strong covalent interactions with the Bi–O(2) bond,
resulting in a contraction in the BiO8 scalehedron andof the Tl31. In principle this can be compensated for by

oxidation of some of the formal Ru41 to Ru51 and/or the hence in the cubic lattice parameter. Indirect evidence
for such an explanation comes from two sources. First, aformation of oxygen vacancies. In metallic Tl(HT), the

latter occurs. Since the ionic radii of Ru41 and Ru51 are maximum entropy electron density study of Y2Sn2O7 has
been performed which suggests that there is weak Y–Oreasonably similar, the former mechanism would have little

influence on the cubic lattice parameter but could lead to covalency (34). Second, the six long Bi–O bond distances
in Bi2Ru2O72y , 2.576 Å, are significantly longer than foundshorter Ru–O bond distances, as is indeed observed in Fig.

6. Structurally it is not possible to estimate the amount of
Ru51 present. In principle is should be possible to estimate

1 As pointed out by Shannon (28), there is some uncertainty on thethe amount of Ru51 present using photoelectron spectros-
precise effective ionic radii of Bi31 ions in the pyrochlore lattice. We

copy; however, strong final state effects in the metallic have utilized the value deduced by Shannon for a dormant lone pair of
ruthenates preclude this (3, 13). 1.17 Å—a value closer to 1.08 Å would be required for Bi2Ru2O7 to

appear as a ‘‘normal’’ pyrochlore in Fig. 3.For Bi2Ru2O72y the explanation is a little more problem-
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FIG. 7. Valence bond sums as a function of the cubic lattice parameter for some ruthenium pyrochlores.

in other compressed BiO8 scalehedra; for example, in ACKNOWLEDGMENTS
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