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The quaternary pyrochlore ruthenates, Bi,_,Ln,Ru,0; (Ln =
Pr-Lu), have been synthesized and characterized by X-ray Rietveld
structure refinement and electrical conductivity tneasuretnents,
Room temperature resistivities increase with x, and a change from
metallic to semiconducting behavior is observed between x = 1.2
and 1.4. In this composition region, smooth change from metallic
to semiconducting behavior was observed at 40—80 K for the Pr-Sm
systems, whereas no change was observed for the Dy and Y sys-
tems. Lattice parameters increase with x in the systems with larger
rare earth cations (Pr, Nd), and decrease with x in the systems
with smaller rare earth cations (Sm, Dy). However, the room-
temperature stnucture analysis indicated similar structural changes
in thesé solid solutions; the Ru-0 bond iength in the RuQ; octahe-
dra increases, the distortion of the RuQOg octahedra increases, and
the bend in the RuOj zig-zag chains increases with increasing Ln
contents. This corresponds to the change from metalilic to semicon-
ducting behavior around x = 1.2-1.4. The RuQ; octahedra distor-
tion and the bend in the RuQ, zig-zag chains increase in the order
Lu — Pr. The semiconductor-metal transition is discussed from
the structural changes. © 1994 Academic Press, Inc.

INTRODUCTION

The pyrochlore ruthenates are technologically im-
portant malcrials as catalysts (1}, electrocatalysts (2), and
conducting components in thick-film resistors (3-5). Their
electronic properties are of intrinsic interest, since the
Ru : 4d electrons are on the borderline between localized
and itinerant behavior. For example, the bismuth ruthen-
ate Bi,Ru,0; and the lead ruthenate Pb,Ru,0; s are metal-
lic Pauli paramagnets with a nearly temperature-indepen-
dent resistivity, whereas the rare-earth ruthenates
Ln,Ru,0, (Ln = Pr-Lu) and Y,Ru,0, are all semiconduc-
' tors with a spontaneous ruthenium atomic moment (6-8).
The electronic structure of the pyrochlore has recently
been studied for Pb,Ru,0; s and Bi,Ru,0, using the pseu-
dofunction method (9); the unoccupied Pb or Bi 6p stales
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are significantly closer to F and contribute to their metal-
lic conductivity by mixing with the Ru 4d state via the
framework oxygen.

While the conduction mechanisms of the ternary and
quaternary ruthenate pyrochlores have been studied, the
relationship between their electronic and crystal struc-
tures is not quite well understood. In previous studies, we
have shown that ihe X-ray Rietveld refinement techpique
provides a powerful proof into the structural studies
(10-13). We have clarified the structural changes in the
quaternary pyrochiore ruthenates, Bi,_,Y Ru,0;, the end
members of which are, respectively, a metal and an insula-
tor (13). In this system, (i) the Ru-0 bond length in the
RuQ, octahedra increases, (ii) the distortion of the RuQ
octahedra increases, and (iii) the bend in the RuQ, zigzag
chains increases with increasing Y** contents. These vari-
ations affect the Ru-0 overlap integrals, leading to the
transition from metallic to semiconducting state. The
structural changes in the pyrochlores are closely related
to their electrical properties.

Since the strength of the Ln-0O interaction is expected
to decrease with increasing basicity or increasing size of
the Ln atom, i.e., in the order Lu — La across the rare-
earth series, the pyrochlore with rare-earth series could
provide a variety in both structural parameters, such as
the B-O bond length and the BO; distortion, and their
electrical properties. For example, molybdenum pyro-
chlores, Ln,M0,0,, with Ln = Tb-Yb, are semiconduc-
tors with quasi-localized 4d” electrons; Ln = Gd is a highly
correlated metal or semimetal and Lz = Nd and Sm show
more normal behavior consistent with a broader Mo-0O m*
band (14). On the other hand, the quaternary pyrochlore
ruthenates Ln,Ru,0, (Ln = Pr-Lu) show semiconducting
properties (15). The solid solutions, Bi,_,Ln, Ru,O,, have
been synthesized by Ehmann and Kemmler-Sack (16) for
Ln = Sm-Lu, and by Goodenough et al. for Ln = Gd
(17), respectively; these systems show metallic-to-semi-
conducting property change with composition. Later, the
transition in the latter system was studied by photoelec-
tron spectroscopy (18). However, no structural data were
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reported for the stoichiometric Lr,Ru,0, nor for their
solid solutions with Bi,Ru,05. Further, these solid solu-
tions might be expected to have a variety in electrical
and structural properties in the boundary regime between
metallic and semiconducting state. In the present study,
we synthesized the solid solutions, (Bi,_.Ln,)Ru,0,
(Ln = Pr-Lu). The relationship between the crystal struc-
ture and electrical properties is discussed.

EXPERIMENTAL

The ternary oxides A,Ru,0; (A = Bi, Pr-Lu) and the
quaternary oxides Bi,_, Ln,Ru,0; (Ln = rare earth) were
prepared by healing appropriate molar ratios of RuQ,,
Bi,0,, and Ln,0; (RuQ,: Furuuchi Chemicals. Ltd.,
>99.99% purity; Bi,0;, Gd,0,: Nakarai Chemicals. Ltd.,
>99.9% purity; Prs0,,, Sm;0;, Eu,0,, Dy,0;, Er,0,,
Yb,0;, Lu,(y: Shinetsu Chemical. Co. Ltd., >99.9% pu-
rity; Nd,O;: Mitsuwa Chemicals. Co. Litd., >99.9% pu-
rity). The starting materials were dried for 2 days in air
at 773 K for Ru0, and at 1273 K for Ln,0, and Bi,0;.
They were weighed, mixed, and pelletized in a nitrogen-
filled glove box, and put into a platinum tube to avoid a
reaction between silica tubes and the samples. The plati-
num tube was then sealed in an evacuated silica tube and
heated at 773 K for 12 hr and at 1173-1473 K for 30-40
hr with regrinding between successive firings. The loss
of ruthenium was thus minimized by the above reaction
procedure.

X-Ray diffraction (XRD) patterns of the powdered sam-
ples were obtained with a high-power X-ray diffracto-
meter (Rigaku RAD 12kW). The focusing graphite mo-
nochromater equipped after the samples was used for
employing CuKe radiation. Diffraction data were col-
lected for 2 s at each 0.02° step width over a 24 range from
10 to 100° at room temperature. The structural parameters
were refined by Rietveld analysis with the computer pro-
gram RIETAN provided by Izumi (19). Reflection posi-
tions and intensities were calculated for both CuK«, and
CuKq; with a factor of 0.5 applied to the latter’s calculated
integrated intensities. A pseudo-Voigt profile function
was used; the mixing parameter vy was included in the
least-squares refinement.

Electrical resistivities were measured with sintered ma-
terials with dimensions of approximately 2 X 2 X 10 mm.
The data were obtained by a four-probe method in the
temperature range 15 = 7 = 300 K using a CHINO US-
36 electrical conductivity measurement system. The tem-
perature was monitored with a calibrated carbon-glass
thermometer mounted near the sample, Magnetic suscep-
tibility was measured by a SQUID magnetometer (Quan-
tum Design, MPMS2) between 5 and 350 K. The sign and
the magnitude of applied magnetic field were determined
with granular Pb metal.
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FIG. 1. Composition dependence of lattice parameters for
Bi, ,Ln,RuO,.

RESULTS AND DISCUSSION

Synthesis

Monophasic propertics of the pyrochlore structure
were obtained for the quaternary ruthenates, Bi,_,
Ln,Ru,0, (Ln = Pr, Nd, Sm, Dy), for the whole range of
solid solution; the firing temperature required to produce
a single-phase material increased from 1223 to 1573 K
with increasing Ln content. Monophasic Biy;Lr, Ru,0;
(Ln = Gd, Eu, Lu) were also prepared in the present
study at a firing temperature of 1373 K. Figure 1 shows
composition dependence of the lattice parameters, after
Rietveld refinement, for Bi,_ Ln,Ru,0; (0 = x = 2.0},
together with the parameters for Bi; _,Y,Ru,0, reported
previously (13). The lattice parameters increase with x
for Bi,_,Ln,Ru,0; (Ln = Pr, Nd), while for Bi,_,Ln,
Ru,0; (Ln = Sm, Dy, Y), the parameters decrease with
x. This might correspend to the difference in ionic radii
between Biand Ln ions (Bi*": r = 1.11 A; PP**: r = 1.14
A;Nd*™*:r=1.124;Sm*: r = 1.09 A; Dy**: r = 1.03
A; Y3*: r = 1.015 A) (20). The lattice parameters vs
composition curves do not obey Vegard's Laws; gradual
slope changes are observed at 1.0 = x = 2.0. Cox et al.
reported a slope change in the lattice parameter curve at
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FIG. 2. Temperature dependence of resistivity for (a) Bi,_ . Pr,Ru,0,, (b) Bi,_ ,Nd _Ru,05, (¢) Bi;_,Sm,Ru,05, and (d} Bi;.. Dy, Ru,0;.

x = 1.5 Biy_,Gd,Ru,0,, which is due to a large effective
ionic radius of Bi** ion (18). However, the narrow two-
phase region of 1.5 < x < 1.6 reported for Bi,_,Gd,Ru,0,
(17) was not observed by our XRD measurements. No
extra XRD peaks due to oXygen-vacancy ordering (21}
were found.

Electrical Properties

The temperature dependence of the resistivity is shown
il'l Fig- 2 fOl' Biz_IPrIRU2O‘,', Biz_:NdeuZO'_,', Biz_xsm’t

Ru,0,, and Bi,_, Dy Ru,0;. Bi,Ru,0, is metallic, while
Ln,Ru,0, (Lr = Pr, Nd, Sm, Dy) showed semiconducting
behavior with a room-temperature resistivity of p = 10!
Q-cm. In the quaternary system, Bi,_,Ln Ru,0,, the re-
sistivitics increase with x, and a change from metallic to
semiconducting behavior is observed between x = [.2
and 1.6 for Bi,_ Ln Ru,0y (Lr = Pr-Dy). In the previous
study on Bi,_,Gd Ru,0,, the metal-nonmetal transition
was observed at x = 1.5 (17, 18}, which is consistent with
the above data.
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Figure 3 shows the temperature dependence of the re-
sistivity for Biy ¢Ln; ;Ru,O; with Ln = Pr~Dy,and Y. The
data for Ln = Y are taken from the previous study (13).
The change from semiconducting to metallic behavior is
observed at 40-80 K for the composition BiyLn, ;Ru,0,
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(Ln = Pr, Nd, Sm), which is situated between the metallic
and semiconducting compositional regions. The resis-
tivity data for Bi,_Nd,Ru,O, in the interval of 1.4 =
x =< 1.6 are plotted in Fig. 4, together with those for
Biy .Y, (Ru,0;. The resistivity curves show smooth slope
changes from metallic to semiconducting behavior with
a transition temperature lowering from 80 K (x = 1.6) to
40 K (x = 1.4} for Bi,_,Nd,Ru,0,. Figure 1 indicates the
composition region where these changes were observed.
This behavior was clearly observed for the systems with
larger Ln** ions (Pr, Nd}. No anomalies in resistivity
curves were observed for the systems with smaller La?*
ions (Dy, Y). Since the metallic behavior of Bi,Ru,0; is
attributed to the contribution of Bi 6p orbitals (17, 18),
the substitution of Lrn** jons for Bi** jons decreases their
contribution to the Ru 4d conduction band, and finally
leads to the semiconducting behavior around x = 1.4,
The composition region of [.2-1.6 is borderline between
metallic and semiconducting character; the solid solutions
with Ln = Dy and Lu show semiconducting behavior,
whereas Ln = Pr and Nd have metallic properties above
80 K. The inductive effect might explain the more metallic
character of the pyrochlore with larger La** cations (22);
the Ln** ion competes with the Ru** ion and withdraws
electron density from the Ru—Q 7 bonding network. The
magnitude of this effect increases as the size or the basic-
ity of the Ln** ion decreases, leading to a more semicon-
ducting character for smaller La** pyrochlores.

Magnetic Properties

Figure 5 shows the temperature dependence of the in-
verse magnetic susceptibility for Bi,_ Nd,Ru,O, (x = 1.4
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TABLE 1
Magnetic Data for (Bi,_,Nd.)Ru,0;

Xe Xm Vineor (emu/mol K)
Composition 200 K 200 K Ok Cexp
{x) {emu/g) (ermmu/mol) (K) {emu/mol K) C{2ZNd,Ru) C(Nd,Ru) C(INd)
1.4 1.58 x 10°° 1.02 % 107! —54 2.65 4.30 5.30 2.30
1.5 1.70 x 107° 1.08 x 1072 -59 2.76 4.46 5.46 2.46

and 1.3). The Curie-Weiss constants extracted from the
paramagnetic data are shown in Table 1. The Curie con-
stants, C, are compared with two calculated models,
C(2NdRu) which includes contributions from the free-ion
value for Nd(III) and the spin only value for Ru(IV) (44°)
and C(2Nd) which includes the Nd(III) contribution only.
In all cases, the experimental C lies slightly below the
C(2Nd) value. A similar result was reported in Ref, (23)
and probably means that the upper temperature boundary
of the data is not sufficiently high to permit the observation
of the full free-ion values for either the Nd(III) or Ru(IV}
contributions. A negative Weiss constant O is found. If
the major part of @ is determined by exchange effects, this
indicates an antiferromagnetic net exchange interaction.

Crystal Structure

Crystal structure was refined for the solid solutions,
Bi,_ LnRu,0; (Ln = Pr, Nd, Sm, Dy), BiysGd, sRu,0,,
and Bij.Lu, ;Ru,3,. Refinement of the structure pro-
ceeded with space group Fd3m. Initial coordinates were
taken as follows: Bi(Ln), 16d4(5/8, 5/8, 5/8); Ru, l6c (1/8,
1/8, 1/8); O(1), 48f (x, 0, 0), x =~ 0.2, O2), 8> (112, 1/2, 1/2).
The refinement was done in stages with the atomic coordi-
nates and thermal parameters held fixed in the initial cal-
culations and subsequently allowed to vary only after the
scale, background, halfwidth, and unit-cell parameters
were close to convergence to their optimum values. The
site-occupation parameters for Bi/Ln atoms on the 164
site were fixed at the value of the starting composition.
During the later refinements, when temperature factors
were refined, the B.’s for the O(1) and O(2) sites had to
be constrained to the same value, otherwise the refine-
ment was unstable. In the final refinement, a total of 19
positional, thermal, and instrumental parameters were re-
fined. The results for Bi,_,Ln Ru,0; are summarized in
Table 2. For definition of R-factors, see Ref. (19). Table
3 lists selected interatomic distances and bond angles.

Figures 6 and 7 show, respectively, the composition
dependence of the interatomic distances and angles in
the Bi, _ Lrn Ru,O; (Lr = Pr, Nd, Sm, Dy) systems. The
interesting features of these figures are Ru-O(1) and
Bi(Ln)-0(1) variations. For Bi,_ L Ru,0; (Ln = Pr,
Nd), the lattice parameters, Ru~0Q{I), and Bi(Lr)-0(2)

bond lengths increase with increasing x throughout the
whole composition range, whereas the Bi{Lr)-O(1) bond
length decreases with x. The decrease in the Bi{Ln)-0(1)
bond length is inconsistent with the lattice parameter
change. For Bi,_.Ln Ru,0,; (Ln = Sm, Dy}, the lattice
parameters, Bi(Ln)-0O(1), and Bi{Ln)-0(2) bond lengths
decrease with increasing x throughout the whole compost-
tion range. However, the Ru-0O(1) bond fength increases
with x, which is not expected from the decrease in lattice
parameter. The Ru~0O(1)-Ru angles decrease with x from
139° (x = 0.0) to 133.8° (x = 2.0) for Ln = Pr, and from
139° (x = 0.0) to 130° (x = 2.0) for Ln = Dy, respectively.
The O(1)-Ru-0O(1} angles vary with x from 88.1 and 91.2°
(x = 0.0) to 85.0 and 95.0° (x = 2.0) for Ln = Pr, and to
82.6 and 97.4° (x = 2.0) for Ln = Dy, respectively. The
structure refinement results are summarized as follows:
the Ru—O bond length increases, the distortion of the
RuQy octahedra increases, and the bend in the RuQy, zig-
zag chains increases in the interval 0 < x = 2.0. The bond
lengths and angles vary in a similar manner for all these
systems, although the lattice parameters increase for large
LA’ (Pr, Nd), and decrease for small La** (Sm, Dy) in
Bi,_ Ln Ru,0;. The transition from semiconducting to
metallic behavior between x = 1.2 and 14 in Bi,_,
Ln,Ru,0; is closely correlated with the structural varia-
tions indicated above. The pyrochlore structure consists
of a framework of corner-sharing RuQ, octahedra linked
into zigzag chains (24). The substitution of La** for Bi*+
leads to the distortion of RuQ octahedra, the elongated
Ru-0 bond length, and the reduction of the Ru—Q-Ru
angles, which should reduce the Ru-0(1) overlap inte-
grals and affect the electrical properties.

The compositional region of 1.2-1.6 is situated border-
line between localized and itinerant Ru-4d electronic
character. Figure 8 shows the variation of the bond lengths
and angles in Bi, sLn, sRu,0, (Ln = Pr-L.u) as a function of
ionic radii for rare earth ions. The bond lengths, Ru-0O(1),
A-0(1), and A-O(2} increase mongtonically with increas-
ing ionic radii. The Ru~O-Ru angles increase and the
splittings of O-Ru-0O angles decrease with increasing
ionic radii of the rare earth ions. The room temperature
resistivity data show the metal-semiconducting boundary
between La = Sm and Eu, which corresponds to the
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TABLE 2

Rietveld Refinement Results for Bi, [Ln Ru,0,

Composition, x

Lattice parameter, u (.:\)
X parameter

B(Bi, Pr) (AD

B(Ru) (A%

B(O) (AY)

R
R,
R,
R;
Re

wp

Composition, x

Lattice parameter, (A)
X parameter

B(Bi. Pr) (A}

B(Ru) (A}

B(0) (A}

R

wp

R,
Re

Composition, x
Lattice parameter, o (ﬁg)
X parameter
B(Bi, Pr) (A%
B(Ru) (A%
B(O) (A

Rup

RF

Re

R,

Rr

Composition, X

Lattice parameter, a@ (f\)
X parameter

B(Bi, Nd) (A%

B(Ru) (A%)

B(0) (A9

R
R
Rl‘
R,
Rp

wp
p

Composition, x

Lattice parameter, a {A)
x parameter

B(Bi, Nd) (A}

B(Ru) (A

B(0) (A%

(a) Bi,_ Pr Ru,0,

x = 0.0 x =102
10.2934(1) 10.3037(1)
Q,190(6) 0.194(6)
0.9(2) 0.5(1)
0.1 0.5(1)
0.5(17) 2.0018)
[2.58 15.75
8.96 11.47
3.5 378
1.94 5.36
3.27 7.73
x=1.0 x=1.2
10.3362(1) 10.3489(1)
0.196(5) 0.[98(6)
0.5(1) 0.1(1)
0.5(1) 0.1
1.8(14) 1.0¢13)
13.62 15.08
9.92 10.98
3.63 4.67
4.07 4.42
6.05 5.49

¥ =16 x =20
10.3619(1) 10.3714(1)
0.201(4) 0.208(4)
0.3(1) 0.2(1)
0.3¢(1) 0.2(1)
0.8(10) 0.1(8)
13.40 12.50
9.28 8.92
3.92 3.67
3.46 2.27
4.29 3.70

{b) Bi,-,Nd,Ru,0;

x =0.0 x =072
10.2934(1) 10.2988(1)
0.190(6) 0.192(6)
0.9(2) 0.9(2)
0.1 0.103)
0.5(17) 0.4(16)
12.58 15.40
8.96 11.53
3.59 3.63
1.94 4.16
3.27 4.87
x=1.0 r=12
10.3188(1) 10.3260(1)
0.196(5) 0.199(4)
0.8(2) 0.4(2)
0.2(3) 0.1(2)
1.0(15) 0.5(13)
13.52 14.41
10,22 10.61
3.58 3.97
291 L3
4.24 4.48

x =05
10.3190(1)
0.197(6)

0.4(1)
0.4(1)
1.6(17)

i6.50
12.09
4.04
5.98
7.59

x=14
10.3554(1)
0.199(4)
0.2(1)
0.2(1)
0.5(12)
15.07
10.95
394
3.97
4.72

x =05
10.3058(1)
D.193(5)

0.8(2)
0.1(3)
0.2(0i5)

14.62
10.81
3.57
4.04
4.55

x=1.4
10.3311(1)
0.198(5)
0.5(2)
0.1(2)
0.7(14)
10.84
8.30
115
5.18
8.75

x = 0.6
10.3217(1)
0.196(5)
0.5(1)
0.5(1)
1.8(15)
13.95
9.85
3.87
4,75
6.63

x =15
10.3565(1)
0.199(4)
0.1(1)
0.1(D)
0.4(11)
14.11
9.48
4.12
3.40
4.55

x =08
10,3142(1)
0.196(5)
0.8(2)
0.1(3)
1.015)
14.08
10.39
3.61
3.32
4.04

x=15
10.3306(1)
0.200(4)
0.162)
0.1(2)
0.2(11)
13.26
9.57
3.55
2.73
3.56

377



378

YAMAMOTO ET AL.

TABLE 2—Continued

Composition, x

Lattice parameter, a 7y
x parameter

B(Bi, Nd) (A%

B(Ru) (AY)

B(0) (A}

Ry
Rf

Composition, x

Lattice parameter, a (A)
X parameter

B(Bi, Sm) (A)

B(Ru) (A%

B(O) (A)

R;
Rg

Composition, x

Lattice parameter, a (&)
X parameter

B(Bi, Sm) (A}

B(Ru) (A?)

B(O) (AY)

wp

Composition, x

Lattice parameter, a (&)
X parameter

B(Bi, Sm} (A)

B(Ru) (A}

B(O) (AY)

Composition, x

Lattice parameter, a (A)
x parameter

B(Bi, Dy) (AY

B(Ru) (A?)

B(0) (AY

x = 1.6 =18
10.3341(1) 10.3311(i)
0.201(4) 0.202(4)
0.2(1) 0.1(1}
0.2(1) 0.1(1)
1.0011) 0.9(10)
13.84 12.62
10.04 8.93
4.08 373
2.75 2.18
3.35 3.01
(c) Bi,_,SmRu,0;

x=0.0 x=02
10.2934(1) 10.2948(1)
0.190(6) 0.191(5)
0.9(2) 1.2(2)
0.1 0.1(3)
0.5(17) 0.9(16)
12.58 14.91
8.96 10.87
3.59 3.88
1.94 3.75
3.27 4.57

x =12 x=14
10.2888(1) 10.2862(1)
0.200(4) 0.201(4)
0.5(1) 0.2(1)
0.5¢1) 0.2(1)
1.5(13) 1.0(12)
13.63 13.53
10.03 9.85
3.70 3.69
3.42 3.17
4.38 3.96
x=18 x=2.0
10.2779(1) 10.2732(1}
0.204(4) 0.204(4)
0.3(2) 0.2(2)
0.1(2) 0.1(2)
0.4(10) 0.4(1)
12.87 13.01
9.30 9.58
4.60 3.83
2.05 2.16
2.88 3.04

(d) Bi,_,Dy,Ru,0,

x =0.0 x=102
10.2934(1) 10.283%(1)
0.190(6) 0.193(6)
0.9(2) 0.6(2)
0.1 0.6(2)
0.5(17) 1L.7(017
12.58 15.16
8.96 10.97
3.59 3.68
1.94 5.30
3.27 7.36

x =20
10.3362(1)
0.203(4)
0.0(1)
0.0(1)
0.4(10)
13.58
9.68
3.7
2.25
324

x =105
10.2921(1)
0.198(6}
0.5(2)
0.5(2)
1.9(18)
16.44
11.87
391
5.4
6.83

x =15
10.2802¢1)
0.201(4)
0.1(1}
0.1(1)
0.8(11)
13.53
9.92
3.66
3.24
39

x =05
10.265%(1)
0.197(5)
0.3¢2)
0.3(2)
1.5(15)

14.58
10.51
3.83
4.56
6.43

x = 1.0
10.2902(1)
0.198(4)
0.7(2)
0.1(2)
0.6(13)
13.87
10.16
3.92
0
3.62

x = 1.6
10.2831(1)
0.202(4)
0.3(2)
0.3(2)
0.9(12)
14.28
10.51
3.92
2.91
3.5

x =06
10.2649(1)
0.195(4)
1.1(2)
0.2(2)
0.8(12)
11.26
7.79
3.3
3.34
4.50
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Composition, x x = 1.0 x=14 r=1.5 x =165
Lattice parameter, @ (A) 10.2398(1) 10.2016(1) 10.2016(1) 10.1931(1)
x parameter 0.197(4) 0.203(3) 0.204(3) 0.205(4)
B(Bi. Dy) (A9 0.6(2) 0.2(1) 0.2(1) 0.2(1)
B(Ru) (Az) 0.2(2) 0.2(1) 0.2(1) 0.2(1)
B(O) (AZ) 0.8(11) 0.5(9) 0.4(9) 0.5(10)
R,q, 11.57 11.47 11.16 13.81
Rp 7.48 8.50 8.29 10.17
R, 3.72 1.53 3.53 3.99
R, 2.52 3.07 2.46 2.81
Re 3.96 4.47 3191 3.53
Composition, x x =18 x =20
Lattice parameter, a (A) 10.1798(1) 10.1625¢1)
x parameter 0.206(4) 0.207(4)
B(Bi, Dy) (A) 0.2(2) 0.2(2)
B(Ru) (A} 0.1(2) 0.12)
B(O) (A} 0.6(12) 0.5(10)
R, 12.62 12.714
R, 9.06 9.50
R, 3.75 4.10
R, 2.45 2,11
Ry 4.02 3.29
(e) BipsLn sRus0,

COmpOSiliOl’l Biu_jLULsRuzO? Bio_SGd[_le.llo';
Lattice parameter, a A 10.1187(1) 10.2468(1)
X parameter 0.205(3) 0.204(4)
B(Bi, Ln) (AY 0.31(9) 0.1(2)
B(Ru) (A% 0.31(9) 0.3
B(O) (A3) 0.4(7) 0.7(13)
Rup 9,02 15.52
RP 6.24 11.32
R, k) 4.21
R 2.35 3.79
R 2.68 4.51

above structural variations that increase in Ru-O(1)-Ru CONCLUSIONS

angle and decrease in RuO, octahedra distortion with the

size of Ln** ions. The geometric effect is therefore an
important factor for the metal-semiconducting change
across the rare earth series.

We synthesized the Bi,_,LnRu,0; solid solution with
the pyrochlore structure for Lr = Pr—Lu. The resistivity
increases with x, and a change from metallic to semicon-

TABLE 3
Selected Bond Lengths (&) and Angles (°) for Bi,_.Ln Ru,0,
Bi;Ru,0, Pr:Ru,0, Nd,Ru.O, Sm;Ru,0, Dy,Ru,0,
2.63(5) 2.58(3) 2.55(3) 2.52(3) 2.48(3)
2.2286(1) 2.24547(1) 2.2379(1) 2.2242(1) 2.20025(1)
1.94(2) 1.993(14) 1.996(16) 1.991(18) 1.981(16)
O()-Ru-0O(h) 91.2(19) 95.0(9) 95.8(10) 96.5(11) 97.4(9)
88.8(19) 85.0(9) 84.2(10) 83.5(11) 82.6(9)
Ru-0O(1}-Ru 139(4) 133.8(19) 132(2) 132(2) 130(2}
Ln-0O(1)-Ln 88.5(2) 90.7(11) 91.5(13) 92.0014) 93.0(13)
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FIG. 6. Variation of the bond lengths in () Bi,_,Pr.Ru,0;, (b) Bi,_Nd,Ru,0s, (¢} Bi,_,Sm Ru,04, and (d) Bi,_,Dy,Ru,0;.

ducting behavior is observed between x = 1.2 and 1.4,
The structure refinement results are summarized as fol-
lows: With increasing Ln** contents, the lattice parame-
ters in Bi,_,Ln Ru,0, increase for Ln = Pr and Nd and
decrease for Ln = Sm and Dy. However, in all Ln series,
(i) the Ru-0 bond lengths increase, (ii) the distortion of

the RuQ; octahedra increases, and (iii} the bend in the
RuQy zigzag chains increases in the interval 0 = x =
2.0. The above structural changes reduce the Ru—-O-Ru
interaction with increasing x. The distortion of the RuO,
octahedra and the bend in the RuQ; zigzag chains increase
also in the order Lu — Pr, leading to the metallic—~
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FIG. 8.

semiconducting boundary between Sm and Eu in
Bi, sLn, ;Ru,(3; above {00 K. The metallic temperature
dependence changes to semiconducting below 40-80 K
for Ln = Pr-Sm in Bi,_, L7 Ru,0, (x = 1.4-1.6). Finally,
the technique of X-ray Rietveld refinement provides a
convenient and powerful probe into the structural varia-
tions of the pyrochlore solid solutions.
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