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The bismuth yitrium pyrochiore ruthenates Bi;_. Y Ru,0, have been synthesized and characterized by
X-ray Rietveld structure refinement and electrical conductivity measurement. Room temperature
resistivities increase with x, and a change from metallic to semiconducting behavior is observed between
x = 1.2 and 1. 4. The distortion of the RuQ, octahedra and the bend in the RuQ, zig-zag chains increase
with x. The transition from metallic to semiconducting state is correlated with the variation of the
Ru-0O-Ru angle from 13%° at x = 0.0 1o 129° at v = 2.0. The Ru-0 bord length in the RuQy octahedra
increases in the interval 0 = x = 1.2. This variation is understood to result from the contribution of Bi
orbitals to the conduction band; in the metallic regime, 0 = r = 1.2, the electron transfer leads to short
Ru-0 bond iength, whereas in the nonmetallic stale there is little Ru-Q bond length variation because

there is no contribution of the Bi electrons to the Ru 44 state.

Introduction

The pyrochlore ruthenates are technolog-
ically important materials as catalysts (1),
electrocatalysts (2), and conducting compo-
nents in thick-Alm resistors {3-5). Their
electronic properties are of intrinsic inter-
cst, since the Ru:de clectrons arc on the
borderline between tocalized and itinerant
behavior. For example, the bismuth ruthen-
ate Bi;Ru,0; and the lecad ruthenate
Pb,Ru,0 s are metallic Pauli paramagnets
with a nearly temperature-independent re-
sistivity, whereas the rare-earth ruthenates
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L Ru,0y {Le = Pr-Lu) aad Y,Ru,0; are
all semiconductors with a spontaneous ru-
thenium atomic moment (6-8}. The elec-
tronic structure of the pyrochlore has re-
cently been studied for the quaternary
ruthenate Bi,_,Gd Ru,0., which exhibited
an almost continuous range of compositions
hetween .y = 0and x = 2.0, Based on ultra-
violet He(l) photoclectron  spectroscopy
(XPS, UPS, and EELS measurements}, the
metailic behavier of bismuth and lead ru-
thenates is attributed to significant mixing
between the Ru 44 band and the 65 band
of Bi and Pb (9). More recently, the band
structures of Pb,Ru,0, 5 and Bi;Ru,0, have
been calculated using the pseudofunction
method (/0). According to this investiga-
tion, the 65 states of Pb or Bi are¢ very deep
and unlikely to be mixed with the Ru 4d
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states at the Fermi surface, and the unoccu-
pied Pb or Bi 6p states are significantly
closer to Eg and contribute to their metallic
conductivity by mixing with the Ru 4d state
via the framework oxygen. Shifts from me-
tallic to semiconducting behavior as a func-
tion of composition were also observed for
the A,(Ru,_,A)O,;_, (A = Pb or Bi) system
(n.

While the conduction mechanisms of the
ternary and quaternary ruthenate pyro-
chlores have been extensively studied, the
relationship between their electronic and
crystal structures is poorly understood.
Like the cubic-perovskite structure, the py-
rochlores A,B,0,0" have a BO, array of cor-
ner-shared octahedra, but the B-0-8
angles are reduced from 180° to about 130°
(7, 12, 13). Reduction of the B—O-B angles
from 180° reduces the B—OQ-8 overlap inte-
grals; the electrical properties of the pyro-
chlores might thus be affected by a small
change in the B~0-B angle. Previous struc-
tural studies on Bi;Ru,Q; (I4, 15) and two
Ln,Ru,0; (Le = Nd, Lu) pyrochlores (15)
showed that the Ru—0O bond distances are
20 = 0.1 A in all cases and that the
Ru-O-Ru bond angles are ail about 130°,
leading to the idea that the Ru-O bond dis-
tances or the Ru—O-~Ru bond angles do not
play a significant role in constructing the
electronic structure (/6), Therefore, a sys-
tematic study of the structure determination
for the ruthenate pyrochlores with the me-
tallic semiconducting system has yet to be
carried out. The quaternary pyrochlore ru-
thenates, the end members of which are re-
spectively a metal and an insulator, might
thus afford the possibility of studying
changes in crystal and electronic structures
accompanying a metal-to-nonmetal transi-
tion, we report here the first systematic
structural analysis of the pyrochlore ruthen-
ates Bi,_. Y, Ru,0, using X-ray Rietveld
method together with an investigation of
the electrical properties of the solid solu-
tion.

107

Experimental

The ternary oxides A,Ru,0; (A = Bi, Y)
and the quarternary oxides Bi;_,Y Ru,0;
were prepared by heating an appropriate
molar ratios of RuQ,, Bi,0;, and Y,04
(RuO,: Furuuchi Chemicals, Ltd., >99.99%
purity; Bi,Q,. Nakarai Chemicals. Ltd.,
=>99,9% purity; Y,0;: Nakarai Chemicals.
Ltd., >99.99% purity). The starting materi-
als were dried for 2 days in air at 1000°C for
Y,0, and at 500°C for Ru0O; Bi;O;. They
were weighed, mixed, pelletized in a nitro-
gen-filled glove box, and put into a platinum
tube to avoid a reaction between the silica
tube and the sample. The platinum tube was
then sealed in an evacuated silica tube and
heated at 500°C for 12 hr and at 900-1200°C
for 30 to 40 hr with regrinding between suc-
cessive firings. The loss of ruthenium was
thus minimized by the above reaction pro-
cedure.

X-Ray diffraction (XRD) patterns of the
powdered samples were obtained using a
high-power XR diffractometer (Rigaku
RAD 12kW) with monochromated CuKa
radiation and a scintillation detector. The
lattice parameters were refined by Rietveld
analysis using the computer program
RIETAN provided by lzumi (f7). Reflec-
tion positions and intensities were calcu-
lated for both CuKea, and CuKa,, with a
factor of (.5 applied to the latter’s calculated
integrated intensities. A pseudo-Voigt pro-
file function was used; the mixing parameter
v was included in the least-squares re-
finement.

The electrical resistivity was measured
with sintered materials with dimensions of
approximately 2 X 2 x 10 mm. The data
were obtained by a dc four-probe method in
the temperature range 15 = T = 300 K using
a CHINO US-36 electrical conductivity
measurement system, The temperature was
monitored with a calibrated carbon-glass
thermometer mounted near the sample.
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Fig. 1. X-Ray diffraction patterns for Bi,_, Y Ru.O;.

Results and Discussion
Synthesis

Monophasic properties of the pyrochlore
structure were obtained for the quaternary
ruthenates, Bi,_,Y Ru,0,, for the whole
range of solid solution; the firing tempera-
ture required to produce a single-phase ma-
terial increased from 900 to 1200°C with in-
creasing vttrium content. Figures 1 and 2
show the X-ray diffraction patterns and
composition dependence of the lattice pa-
rameters, after Rietveld refinement, for
Bi,_,Y,Ru,O, (0 = x = 2.0), respectively.
The lattice parameters decrease with x, and
a gradual slope change is observed at 1.0 <
x = 2. The narrow two-phase region of
1.5 < x < 1.6 reported for the Bi,_ Gd,
Ru;0; system (9) was not observed. There
were no extra XRD peaks due to a super-
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FiG. 2. Composition dependence of lattice parame-
ters for Bi,_,Y Ru,0;.
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Fi1G. 3. Temperature dependence of resistivity for
Bi2—xYxRu207'

structure caused by vacancy ordering which
is found in Pb;Ru,0O ;5 (18).

Electrical Properties

Electrical resistivity data for the system
Bi;_,Y Ru,0, are given in Fig. 3. The data
show that Bi,Ru,0; has metallic properties
with a low and nearly temperature-indepen-
dent resistivity of p = 4 x 1077 Q * cm,
while in Y,Ru,0,, the semiconducting prop-
erties were observed with a room tempera-
ture resistivity of p = 10> 1 - cm. In the
quaternary system, Bi,_,Y Ru,0Q;, the re-
sistivity increases with x and a change from
metallic to semiconducting behavior is ob-
served between x = 1.2 and 1.4. In the
previous studies on Bi, ,Gd Ru,0;, a
metal-nonmetal transition was observed at
x = 1.5, which is slightly different from the
above data.

Crystal Structure

Refinement of the structure proceeded
with space group Fd3m. Initial coordinates
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Fic. 4. Observed, calculated, and difference plots of
BiYRu,O; (x = L.0in Bi,_ Y, Ru;0,).

were taken as follows: Bi(Y), 164 (3, &, ¥);
Ru, 16¢ (4, 3, &); O(1), 48/ (x, 0, 0), x = 0.2;
0(2), 8b (4, %, ¥). The refinement was done
in stages, with the atomic coordinates and
thermal parameters held fixed in the initial
calculations and subsequently allowed to
vary only after the scale, background, half-
width, and unit-cell parameters were close
to convergence to their optimum values.
The site occupation parameters for Bi/Y
atoms on the 164 sites were fixed at the
value of the starting compositions. During
the later refinements, when temperature fac-
tors were refined, the B,’s for the O(1) and
O(2) sites had to be constrained 1o the same
value; otherwise the refinement was unsta-
ble. In the final refinement, a total of 19
positional, thermal, and instrumental pa-
rameters were refined. The results for the
Bi,_.Y Ru,0, system are summarized in Ta-
ble L. For definition of R factors, see Ref.
(/7). Figure 4 shows observed, calculated,
and difference plots for BiYRu,0; (x = 1.0
in Bi,_ Y Ru,0;). Table 11 lists the inter-
atomic distances and bond angles.

Figures 5 and 6 show, respectively, com-
position dependence of the interatomic dis-
tances and angles in the Bi, .Y Ru,0, sys-
tem. The most interesting features of these
figures are the Ru-O(l) variations. The
Bi(Y)-O(1) and Bi(Y)-O(2) bond lengths
decrease with increasing x throughout the
whole composition range, whereas the
Ru-0(1) bond length increases with x in the
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interval 0 = x = 1.2, varying little with x in
the interval 1.2 = x = 2.0. The decrease in
the lattice parameters and Bi(Y)-O(1) and
Bi(Y)-0(2) bond lengths with x is explained
by the substitution of Bi** (1.11-A) ions into
smaller Y3+ (1.02-A) ions. However, the in-
crease in the Ru—0(1) bond length is incon-
sistent with the change expected from the
lattice parameter variation.

The Ru-O(1)-Ru angle shown in Fig. 6
decreases with x from 139°at x = 0.0to 129°
at x = 2.0. The O(1)-Ru—O(1} angles vary
with x from 88.8° and 91.2° at x = 0.0 to
81.8°and 98.2°at x = 2.0, respectively, indi-
cating a considerable increase in the distor-
tion of RuQg octahedra. The pyrochlore
structure consists of a framework of corner-
sharing RuOy octahedra that are linked into
zig-zag chains. Each O atom is fourfold co-
ordinated to two Ru atoms and two Bi atoms
(see Fig. 7). The arrow in Fig. 7 shows the
shift of the O(1) position with the substitu-
tion of Bi** ions into Y** ions. The O(1)
atom shifts away from its Ru nearest neigh-
bor toward its A (Bi or Y) nearest neighbor
since Y?* ions are much smaller than Bi**
ions.

The structure refinement results are sum-
marized as follows. With increasing Y**
content, (i) the Ru-O bond length in the
RuQ, octahedra increases in the interval
0 = x = 1.2, (i) the distortion of the
RuQ, octahedra increases in the interval
0 = x = 2.0, and (iii} the bend in the RuO,
zig-zag chains increases in the interval 0 =
x = 2.0. The above structural changes re-
duce Ru-O-Ru interaction with increas-
ing x.

In the previous studies, the electrical
properties of the ruthenate pyrochlore are
understood as follows. For both Y,Ru,0,
and rare earth ruthenates, the relatively un-
favorable Ru-O-Ru angle coupled with
competition for the 0:2p orbitals by the
acidic A’* ions yields a 1,, band insuffi-
ciently wide to sustain itinerant behavior
(9). The band structure calculation also con-
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TABLE I
RIETVELD REFINEMENT RESULTS FOR Bi,_,Y,Ru,04

x = 0.0¢ r =02 x =04 x =105 x = 0.6
Lattice constant, a(A) 10.2934(1) 10.2775(1) 10.2654(1) 10.2592(1) 10.2565(1}
Cell valume (A%) 1090.62(1) 1085.58(1) 1081.75(1) 1079.79(1) 1078.94(1)
x parameter 0.190(5) 0.193(4) 0.196(3) 0.195(4) 0.197(4)
xxa(A) 1.98(6) 1.99¢5) 2.01(4) 2.04(5) 2.03(4)
ch(Bi.’Y)n(AZ) 0.92) 0.8(2) 0.8(2) 0.142) 0.8(2)
B,(Ru) EAZ) 0.1 0.8(2) 0.1(2) 0.1(2) 0.1¢2)
B, (0) (AD 0.5(17) 2.0(16) 0.7(1) 0.91) 0.6(1)
Ryp 12.58 14.23 10.95 13.77 13.23
Rp 8.96 10,51 7.82 10.12 9.52
Re 3.59 3.55 3.57 3.63 3.64
Ry 1.94 5.64 3.43 4.93 4.0
RE .27 8.14 5.20 6.98 5.34
= 0.8 x =10 x= 1.2 x=14
Lattice constant, a(A) 10.2404(1) 10.2273(1) 10.2080( 1Y 10.1924(11)
Cell volume (1&3) 1073.87(1) 1069.75(1) 1063.7H(1) 1058.84(1)
x parameter 4.20002) 0.204(2) 0,204(3) 0.203(2)
x*a(A) 2.05(3) 2.05(2} 2.09(3) 2.08(3)
B (Bi/Y} (A7) 0.6(1} 0.5(1) 0.362) 0.1(2)
B (Ru) gfxz) 0.1(2) 0.2(2) 0.12) 0.4(2)
B (0) (Al 0.4(8) 0.9(7) 0.4(8) 0.4(7)
Ryp 9.28 8.06 9.48 9.15
Ry 6.71 5.57 6.81 6.66
Re 3.72 3.62 3.74 3.63
R, 3.06 2.31 2.70 2.64
Ry 4.71 2.86 4.64 4.19
x=15 =16 x=18 x =20
Lattice constant, afA) 10.1834(11) 10.1774(1L1) L0, 1525¢1) 10,1342(2)
Cell volume (A) 1056.04(1) 1054.17(1} 1046.45(1) 1040.80(1)
x parameter 0.206(2) 0.206(2) 0.207¢2) 0.208(4)
x % aiA) 2.11(3) 2.10(1} 2.11(3) 2.11{(4)
Bm(Bi/Y)D(AJ) 0.3(2) 0.4(3) 0.11) 0.2(2)
B (Ru) (AT 0.1(2) 0.1(2) 0.1(1) 0.3(1)
B.,(0) (A 0.2(6) 0.2(7) 0.1{6) 0.3¢1)
Ryp 8.65 8.91 12.00 19.56
Rp 6.01 6.60 8.50 13,18
Re 3167 3.60 3173 3.74
Ry 2.45 1.99 2.49 4,10
Re 4.28 2.46 3.02 5.53

2 Composition (x in Bi,_.Y.Ru,O7)

firmed that Y,Ru,0; has a narrow ¢,, band  the width of the Ru: 4d(1,,) band sufficiently
at Ep and is therefore a Mott insulator (/). to allow for metallic behavior and Pauli
By contrast in Bi,Ru,0; where the Bi** ions  paramagnetism (9). The band structure cal-
have a 6s* valence-electron configuration, culation showed that the unoccupied Bi 6p
Bi-O-Ru interactions appear to enhance states are significantly closer to Ep and con-
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TABLE [l

CALCULATED BOND DISTANCES (A) AND ANGLES (deg) For Bi;_, Y Ru,0,

111

x =00 x =102 x =04 x =405 xr =06
Environment at A (A = Bi or Y) {16d)
A-0O1 x6 2.63(4) 2.60(3) 2.58(2) 2.54(3) 2.56(2)
A-02 X2 2.22859(1) 2.22514(1) 2.22252(§) 2. 22118(1) 2.22060(1)
O1-A-01 X6 62.1(3} 62.4(2} 62.6(2; §2.8(3) 62.7(2)
X6 117.8(3} 117.5(2) 117.3(2) 117.1(3) 117.2(2)
Environment at rathenium: Ru (16¢)
Ru-01 X6 1.94(2) 1.949(17) 1.956(13) 1.966(19) 1.961(16)
01-Ru-01 X6 91.2(19) 92.5(13) 93.49) 94,5(12) 94.0(1 1)
x6 88.8(19; 87.5(13) 86.6(9) 86.0(12) 86.0(11)
Environment at oxygen: 01 (48/)
Ru-O1-Ru x| 13%(3) 137(2) 136(2) 134(2}) 135(2)
A-0O1-A x1 87(2) 88.6(15) £9.3011) 90.3(16) 89.9(13)
A-O!-Ru x4 104.5(10) 105.0(7) 105.3(5) 105.8(6) 105.6(5)
=08 x =10 r =12 xr =14
Environment at A (A = Bi or Y) (16d}
A-0O1 X6 2.544(19) 2.5142) 2.5002) 2.5002)
A-O2 x2 2217111 2.21428(2) 2.21010¢1) 2.20672(1)
0O1-A-0] X6 63.00(18) 63.3(2) 63.4(2) 63.3(2)
X6 F17.00(18) 116.6(2) 116.5(2) 116.6(2)
Environment at rutheniam: Ru (16¢)
Ru-O1 X6 1.968(10) £.981¢15) £.979(13) 1.943¢12)
O1-Ru-01 X6 95.0(7) 96.4(9) 96.5(8) 96.3(7)
%6 85.0(7) 83.6(9) 83.5(8) 83.7(7)
Environment at oxygen: Q1 (48f)
Ru-0O1-Ru x1 133.8(14) 131(2) 131.6(17) 131.9(15)
A-Ol-A x 1 90.7(9) 92.6012) 92.1{11) 91.9(9
A-O1-Ru x4 106.0(3) 106.5(4) 106.5(4) 106.4(3)
x=1.5 x = 1.6 x =18 x =20
Environment at A (A = Bior Y} {16d)
A-Ol X6 2.485(18) 2.48(2) 2.470(19) 2.45(2)
A-O2 x2 2.20477(1) 2.20347(1) 2.19808(1) 2.19514(1)
01-A-01 x6 63.6(2) 63.5(2) 63.7(2) 63.9(3)
x6 116.3(2) 116.4(2) 116.2(2) 116.0(3)
Environment at ruthenium: Ru (16c)
Ru-O1 X6 1.984(11) 1.980(12) 1.982(12) 1.986(16)
0O1-Ru-01 x6 97.3(6) 97.1(7 97.6(7) 98.2(9)
X6 82.7(6) 82.9(7) 82.4(7) 81.8(9)
Environment at oxygen: 01 (48f)
Ru—Ol1-Ru x 1 130.3(14) 130.7(15) 129.8(14) 129(2)
A-Ol-A x1 92.9(9) 92.6(9) 93.2(% 93.7(13)
A-O1-Ru X 4 106.8(3) 106.4(3) 106.9(3) 107.1(4)
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Fig. 5. Variation of the bond lengths in Bi,_,Y,
R'|.'l207.

tribute to their metallic conductivity by mix-
ing with the Ru 44 state via the framework
oxygen (10). The transition from nonmetal-
lic to metallic behavior as Ln (Ln = rare
earth) or Y ions are replaced by Bi ions
introduces the idea that upper and lower
Hubbard bands are separated by a well-
defined energy gap in the nonmetallic re-
gime. As the transfer integral that character-
izes the width of the one-electron #,, band
increases with Bi content, the Hubbard
bands broaden and eventually coalesce with
a sudden jump from zero in the density of
clectronic states at the Fermi energy (9).
The transition from nonmetallic to metal-
lic behavior in Bi,_, Y Ru,0; is closely cor-
related with the structural vartations. The
substitution of Y** for Bi*" introduces dis-
tortion in the RuQ, octahedra; it also in-
creases the bend in the RuQg zig-zag chains.
The reduction of the Q(1)-Ru-0O(1) angle
from 139° to 129° and the distortion of RuQ,
octahedra reduce the Ru—O(1)} overlap inte-

FI1G. 6. Variation of the bond angles in Bi, _,Y,Ru,O;.

grals; this directly affects the electrical
properties, leading to the transition from
metallic to semiconducting state between
x = 1.2 and 1.4. A smalier covalent energy
was suggested by reducing the B-O-B angle
from 180° (/9), and is consistent with the
above results on the Bi,_ Y Ru,0, system.

@® ERn
QO A rtormy

O o 1y
D o

o~
\_J vacancy

Fig. 7. Structure of Bi,_,Y Ru,O,.
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As interesting is the relative position of
the O(1) atom, with increasing x, it shifts
away from its Ru nearest neighbor toward
its 4 (Bi or Y} nearest neighbor in the com-
positional interval 0 = x = 1.0 where the
resistivity remains metallic behavior; this
shift stops for 1.5 = x where the room tem-
perature conduction is semiconducting. As
a result of the oxygen shifts, the Ru—0(1)
bond length increases with x in the interval
0 = x = 1,2, varying little with x in the
interval 1.2 = x = 2.0. This bond length
variation is attributed to the covalent admix-
ture via Bi-O(1)-Ru. In the metallic regime
the electron transfer from the Bi to Ru 4d
state leads to shorter Ru-0O(1) bond length;
the contribution of the Bi orbitals to the Ru
44 state decreases as Bi** ions are replaced
by Y** ions, leading to an increase in the
Ru-0O(1) bond length. In the nonmetallic
state there is little Ru~O bond length varia-
tion because there is no contribution of the
Bi orbitals to the conduction band.

It has become apparent that the electrical
properties of the ruthenate pyrochlore de-
pend on the structural variations, The same
structural change in zig-zag BO, octahedra
chains has heen observed for the rare
earth-titanium(11I) perovskites, LaTiOQ,
(Ln = rare earth}, which form an isostruct-
ural series for Ln = La to Tm, including Y
with the GdFeQs-type structure (20). This
type of structure is derived from the cubic
perovskite cell by a cooperative set of twists
of the TiO, octahedra, like the pyrochlore
structure. Discontinuous changes in electri-
cal and magnetic properties occur as the
radius of Ln decreases: for Ln = Laand Ce,
metallic conductivity is observed with the
metal-semiconductor transition at low tem-
peratures; all other Ln are semiconducting.
The single-crystal structural analysis
showed that the Ti-O-Ti angle varies from
157° to 142° from La to Y, and the above
changes in electrical properties are corre-
lated with the wvariation of the Ti-O-Ti
angle. These results on the pyrochlore and
GdFeO;-type structures indicate that the
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B-O-B angle variations highly affect the
electrical properties in these systems, and
that the structural studies are useful in clari-
fying the electrical property changes.

Conclosion

We synthesized the Bi,_, Y ,Ru,O; solid
solution with the pyrochlore structure. The
resistivity increases with x and a change
from metallic to semiconducting behavior
is observed between 1.2 and 1.4. Structure
analysis indicated that (i) the Ru-O bond
length in the RuO¢ bond length in the RuQy
octahedra increases, (ii) the distortion of the
RuQ; octahedra increases, and (iii) the bend
in the RuQy zig-zag chains increases with
increasing Y>* contents. The Ru-0{1)-Ru
angle variations might affect the Ru-0 over-
lap integrals, leading to the transition from
metallic to semiconducting state. The
Ru-0(1) bond length variation can also be
understood to result from the contribution
of Bi orbitals to the conduction band; in the
metallic regime the electron transfer leads
to shorter Ru-0(1) bond length, whereas in
the nonmetallic state there is little Ru-QO
bond length variation because there is no
contribution of the Bi electrons to the Ru 44
state.
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