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The pyrochlore compounds Bi,Pt,0 (insulator) and Pb,Ru,Og s (metallic conductor) form a continuous
series of solid solutions Bi,_,Pb,Pt,_,Ru,0,_,. Increasing substitution of the platinum by ruthenium
results in a gradual insulator—-metal transition. Metallic conductivity is found for a substitution level of
x = 1.5. The presence of variable range hopping conductivity in the insulating regime strongly sug-

gests that the metal-insulator transition is of Anderson type.

1. Introduction

The pyrochlore ruthenates Pb,Ru,Og s
and Bi,Ru,0; are applied as the conducting
component in thick film resistors (I, 2).
Due to their high electrical conductivity
they have been demonstrated to be effec-
tive electrocatalysts for both evolution and
reduction of oxygen (3). The electrical
properties of Pb,Ru,0¢ s and Bi;Ru,05 have
previously been reported (3) as well as the
band structure, computed self-consistently
by using the pseudofunction method (4).
The pyrochlore platinate Bi,Pt,0,, pre-
pared for the first time at normal pressures
in (5), is an insulator.

This communication deals with the for-
mation of a continuous series of solid solu-
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tions Bi,_,Pb,Pt;_,Ru,0,_, between the end
members Bi,Pt,0; and Pb,Ru,Og 5. Increas-
ing substitution of platinum by ruthenium
results in a gradual insulator-metal transi-
tion. The presence of variable range hop-
ping conductivity in the insulating regime
strongly suggests that the metal-insulator
transition is of Anderson type. The resistiv-
ity vs temperature data show that there is a
gradual variation from a negative to a posi-
tive temperature coefficient of resistivity
(TCR) as a function of x, suggesting the ap-
plication of these materials in the fabrica-
tion of electrical resistor compositions.

2. Experimental

2.1. Sample Preparation

The end members of the series
Biz_bethz-xRuxO7—z withx =0 (Blth207)
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TABLE I

LATTICE PARAMETER (A), DENSITY (g cm™3), MEAN OXIDATION STATE (Ox)
FOR THE SYSTEM Bi,_,Pb.Pt,_,Ru,0,_,

Density Ox
Calculated Calculated
Lattice®

X parameter Observed® Model 1  Model 2 Observed Model 1 Model 2
0 10.369 10.86 10.96 10.96 +4.00 +4.00 +4.00
0.25 10.360 10.43 10.69 10.70 +4.08 +4.06 +4.13
0.5 10.351 10.39 10.42 10.45 +4.18 +4.13 +4.25
0.75 10.335 — 10.17 10.21 +4.26 +4.19 +4.38
0.85 10.328 10.06 10.07 10.11 +4.31 +4.21 +4.43
1.0 10.321 9.63 9.92 9.97 +4.36 +4.25 +4.50
1.1 10.313 — 9.81 9.87 +4.39 +4.28 +4.55
1.25 10.302 — 9.66 9.72 +4.39 +4.31 +4.63
1.5 10.290 9.24 9.39 9.47 — +4.38 +4.75
1.65 10.278 — 9.24 9.32 — +4.41 +4.83
1.75 10.274 9.20 9.13 9.22 — +4.44 +4.88
1.9 10.262 8.65 8.98 9.07 — +4.48 +4.95
2.0 10.255 8.57 8.86 8.97 — +4.50 +5.00

4 +0.003.

b +0.05.

¢ +0.02.

and x = 2 (Pb,Ru,Q¢s) were prepared by
solid-state synthesis between the intimately
mixed (agate mortar) appropriate quantities
of Bi,O; (optipur, Merck), PbO (p.a.,
Merck), and Pt and Ru (99.9%, Heraeus) in
corundum boats (Degussit A123) at 580°C
(0.5 hr, 72 hr, x = 0) or 700°C (0.5 hr, 12 hr)
and 750°C (48 hr, x = 2), respectively. The
materials were reground several times. The
pyrochlores are well crystallized. The lat-
tice constants (Table I) are in excellent
agreement with the data in (3, 5). For the
preparation of Bi,Pt,0; the use of an excess
of Bi,O; (25% (5)) has proved to be unnec-
essary.

The conditions for the formation of the
solid solutions with x = 0.25, 0.5, 0.75,
0.85,1.0, 1.1, 1.25, 1.5, 1.65, 1.75, and 1.9
are significantly improved by substituting
Bi(NO»); - SH,O (DAB 6, Merck) and
Pb(NOs), (specpure, Johnson Matthey)
for the corresponding oxides Bi,O; and

PbO. The appropriate intimate mixtures
were heated at first for 0.5 hr at 500 and
600°C, followed by several firings between
600 and 650°C (total heating time: 5 to 7
days). The reactions were interrupted re-
peatedly for weight controls, X-ray investi-
gations (Philips powder diffractometer,
Cu Ka radiation, Au standard), and regrind-
ings. The heat treatment was stopped for
single-phase compounds with well-devel-
oped crystallinity. A summary of the lattice
parameters is given in Table I. All com-
pounds reached the calculated weight for
the pyrochlore composition. Prolonged
heating leads to minor weight losses of
about 1%. Heating at higher firing tempera-
tures results in a decomposition of the
pyrochlore phase and the formation of me-
tallic platinum. The same holds for x = 0.

The platinum pyrochlore Bi,Pt,0; is deep
brown. With increasing x the c¢olor turns to
black.
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2.2. Density

The densities of the pyrochlores were de-
termined by the classical method using »n-
octane as the buoyancy fluid and compared
to the theoretical density calculated from
the cell parameters (Table I) for two border-
line cases. For Model 1 (general formula
Bi,_,Pb,Pt;_,Ru,0;_,4) oxygen vacancies
are introduced with increasing x, leading
to the end member Pb,Ru,Ogs (x = 2).
In Model 2 (general formula Bi,_,
Pb,Pt,_,Ru,0,) the oxygen content of the
platinum pyrochlore is conserved. The val-
ues for both models are summarized to-
gether with the experimental data in Table
1.

2.3. Mean Oxidation State and Solubility

For all compounds the solubility in differ-
ent solvents was investigated. Insolubility
was observed in cold and boiling HNO;,
HCI, aqua regia, H,SO4, and KOH (30%)
for all compositions. On the contrary, solu-
bility is obtained by the action of boiling
concentrated HBr for 0 = x < 1.25. For
these compounds the mean oxidation state
(Ox) of the noble metals has been deter-
mined according to (6). The results are in-
cluded in Table I and compared with the
calculated values for Models 1 and 2 (Sec-
tion 2.2.)

2.4. Resistivity Measurements

Four-probe dc conductivity measure-
ments were performed on compacted pow-
der samples at room temperature (RT) and
77 K as well as on pressed and sintered
pellets between RT and 77 K. The piston-
in-cylinder conductivity cell was fabricated
either from ceramic with Au contacts or
from laminated paper (Pertinax) with Cu
contacts, respectively. The sample was
kept under dynamic load (typically 150
MPa applied uniaxial stress (7)) in order to
ensure good contact and to eliminate possi-
ble systematic errors produced by a change

in sample compression as the temperature
was changed. For the sintered samples inti-
mate electrical contact between the copper
wires and the pellet was provided by using
silver paint. Typical measuring currents
were 1 mA (current source 224, Keithley).
The voltage drop across the pair of annular
contact points, which were spaced about 10
mm apart, was measured automatically (PC
308, Hewlett Packard) in cyclic permuta-
tion (scanner 705, Keithley) with a Model
181 nanovoltmeter (Keithley) using a reso-
lution of 10 nV. During a typical run, the
sample resistivity (p) was measured at
about 10 K intervals during controlled
warm-up. Applying first a positive current
and then a negative current of the same
magnitude allows us to cancel extraneous
dc offset voltages by calculating the voltage
difference between the voltage across the
device for a positive current and that for a
negative current. The effective density of
the compacted powder samples was be-
tween 85 and 93% of the theoretical den-
sity. For the pressed and sintered pellets
the effective density was typically about
60%. The resistivity of each sample was
calculated as follows without any correc-
tion for density: p = Ry X wd/In 2 (8),
where Ry is the average resistance and d
the sample thickness.

3. Results and Discussion

3.1. Solid Solution Bi,_,Pb.Pt, Ru,07_,

The platinum pyrochlore Bi;Pt;0; forms
a continuous series of solid solutions with
Pb,Ru,04 5. All members are cubic. For 0
= x = 1.9 the observed reflections fulfill
the conditions of the pyrochlore space
group Fd3m. On the contrary in the case of
the ruthenate end member Pb,Ru,0¢ 5 addi-
tional (h40) reflections with & + k& = 2n are
observed, forbidden in Fd3m but allowed
for the Pb,Ru,0¢s structure with space
group F43m (9). The absence of the extra



METAL-INSULATOR TRANSITION IN Bi,_.Pb Pt,_ Ru,0;_, 37

TABLE 1

LATTICE CONSTANTS @ (A), xo FOR O IN 48f, R’
VALUES (%), AND INTERATOMIC DISTANCES (A)
FoR Bi,_,Pb.Pt;_Ru,0,_,

x=0(5) x=05 x=10 x=165 x=19
a 10.369 10.351 10.321 10.278 10.262
X0 0.350 0.335 0.328 0.323 0.319
R 4.2 3.4 3.5 3.6 3.7
A-A 3.67 3.66 3.65 3.63 3.63
A-B 3.67 3.66 3.65 3.63 3.63
B-B 3.67 3.66 3.65 3.63 3.63
A-O 2.40 2.50 2.55 2.57 2.60
A-O’ 2.25 2.24 2.23 2.23 2.22
B-0O 2.11 2.03 1.9 1.97 1.95

(hk0) reflections with 2 + k& = 2n for all
mixed crystals with 0 = x = 1.9 implies the
adoption of the pyrochlore structure for the
whole series with the exception of the pure
lead ruthenate. A similar observation holds
for the series Bi,_ Pb,Ru,0,_, (10).

The mean oxidation state for platinum
and ruthenium (Ox) is compared with the
calculated values for Models 1 and 2 in Ta-
ble I. The observed Ox’s always exceed the
values for Model 1 but never reach the val-
ues for complete oxygen lattice (Model 2).
Consequently the compositions with 0.25
= x = 1.25 are deficient in oxygen, but the
oxygen content is slightly higher than for
the case of an ideal solid solution between x
=0 (Bith207) and x = 2 (szRU206.5), de-
scribed by Model 1. With the assumption
that all platinum rests in the four-valent
state, the mean oxidation state of ruthe-
nium stays nearly unchanged at +4.65. This
value is slightly higher than for the pure
ruthenium pyrochlore Pb,Ru,04s with Ox
= +4.50.

The density measurements (Table 1) are
in agreement with the calculated values. No
unequivocal decision between Models 1
and 2 is possible due to the small influence
of the oxygen content on the formula
weight.

For the series Bi,_,Pb,Pt,_,Ru,0;_, the

lattice parameter (Table I) decreases uni-
formly with increasing x (fulfillment of Vé-
gard’s law). Note that this contraction is
not due to a decrease in ionic radii (Bi**,
1.17; Pb2*, 1.29; Pt**, 0.625; Ru**, 0.620;
Ru’+t,0.565 A (11 ); from the larger value for
Pb2* than for Bi** an opposite trend would
be predicted) but mainly to a decrease in
the noble metal-to-oxygen distances. Table
II shows the results of intensity calcula-
tions on powder data for some members of
the series Bi;—.Pb.Ru,_,Pt.O;,_,. For the
space group Fd3m (general formula
A,B,060") with A in 16d, B in 16¢c, O in 48f
(O) and 8b (O’), and the isotropic tempera-
ture factors B4, 1.7 (x = 0.5), 1.9 (x = 1.0),
2.0 (x = 1.65), 2.3 (x = 1.90); Bg, 0.4 (x =
0.5 and 1.0), 0.5 (x = 1.65), 0.6 (x = 1.90);
Bo =By = 0.5 A2(x = 0.5, 1.0, 1.65, 1.90)
the reliability factor R’ = 2|I, — I|/2I. is
about 4%.

With increasing x the oxygen parameter
xg of O (48f) decreases from 0.350 (x = ()
for Bi,Pt,0; (5) to 0.319 (x = 1.9), ap-
proaching the value of the ideal pyrochlore
A>B,060’ with xo = 0.3125 (12) more and
more. The observed shrinkage of the B—-O
djstances points to an increasing interaction
within the octahedral framework of the
pyrochlore lattice. A similar observation
holds for the solid solution between the in-
sulator Bi,Pt,O; and the metal-like conduc-
tor BiyIr,O; (system Bi,Pt,_ Ir,O; (5)).

Figure 1 shows scanning electron micros-
copy (SEM) photomicrographs of com-
pressed samples with x = 0 (Fig. 1a), 1.0
(Fig. 1b), 1.65 (Fig. 1c¢), and 2.0 (Fig. 1d).
All samples are highly dispersive; the mean
grain size is =1 um. The energy dispersive
X-ray analysis (EDXA) conducted on dif-
ferent sized areas spread over the surface
indicated a nearly uniform (x = 1.0) or uni-
form distribution (x = 1.65, 2.0) of the ele-
ments. For x = 0 some occasional inclu-
sions with higher Bi content are detected in
the uniform matrix.
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TABLE III

SELECTED RESISTIVITY AND TEMPERATURE COEFFICIENT OF RESISTIVITY
(TCR) VALUESs FOR Bi,_,Pb,Pt,_ Ru,0O;_,

Resistivity?

p (ochm cm) TCR
x 77K 300K (ppm/K)
0 >10°0 1.5 x 108 —_
0.25 7.2 x 10¢ 1.0 x 106 - -3.22 x 108
0.5 1.1 x 10' (4.7 x 10Y) 6.1 x 107! (6.1 x 1079 ~70,640
0.75 2.7 X 107! 3.5 x 10~ -30,110
0.85 6.2 x 1072 2.3 x 102 - 7,600
1.0 25 x10°2(39 x 1079 1.1 x 1072(1.1 X 107 - 5,710
1.1 6.1 x 1073 4.0 x 1073 — 2,350
1.25 7.1 x 103 5.5 x 103 - 1,300
1.5 1.2 x 1073 (1.5 x 1073 1.3 x 1073 (3.0 X 107%) + 350
1.65 1.0 x 1073 1.3 x 1073 + 1,040
1.75 8.7 x 10~* 1.2 x 103 + 1,230
1.9 3.1 x 10~ 5.1 x 10~ + 1,760
2.0 1.8 X 1074 (1.8 X 107%) 4.7 x 1079 + 2,770

¢ Values for compacted powder samples given for all compositions; values for
pressed and sintered pellets in parentheses.

3.2. Electrical Properties

The resistivity measurements (Section
2.4.) were first applied to Pb,Ru,0¢;s for .
which conductivity versus temperature 10000b "
data are available in the literature. The .
results (summarized in Table III and Fig. 2) .,
show excellent agreement between the val- 1000 ., Xm0
ues obtained from compacted powders and ..
from pressed and sintered pellets (data in

parentheses) as well as with the data in the E 100t

literature (sintered polycrystalline sample: £

prr = (2.7 = 0.1) X 107% ohm cm, prrx = ® e ... LLEl0
0.9 = 0.1) x 10~ ohm cm (13), prr = 5 X <" T

10~* ohm c¢m (14), prr = 3.0 X 1074 ohm cm 15
(15); pressed powder sample: pgr = (1.17 = | :
0.02) x 1073 ohm cm (3)). W

The resistivity data of the pressed pow- L. : 20
ders of the solid solutions are again in ex- P S ) ]
cellent agreement with the data for pressed =
and sintered pellets (Table III). Clearly, 70 %0 N 5()10 300

one must bear in mind that the electrical
properties of polycrystalline bulk samples
are highly dependent on sample preparation

F1G. 2. Resistivity vs temperature for Bi,_.Pb.Pt,_,
RU,O772.
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techniques and only measurements on pure
single crystals can be considered accurate
indications of the true resistivity. However,
the good agreement obtained between the
values for compacted powders and pressed
and sintered pellets indicates that the mea-
surement techniques just described can be
used to establish reliably the conductivity
trends in the series Bi,_ Pb,Pt;_,Ru,0;_,.

From the plots of the p versus T in Fig. 2
and the resistivity data in Table III it is evi-
dent that the compounds with x > 1.5 ex-
hibit metallic-like behavior with a positive
TCR (TCR = (1/p) (Ap/AT)). With decreas-
ing x the positive TCR is reduced (Table
III). For x = 1.25 the TCR is negative and
strongly increases with decreasing x. The
smooth variation of TCR is shown in Fig. 3
for 2.0 = x = 0.85.

The change from metallic to insulating
properties with decreasing x is also re-
flected in the infrared spectra given in Fig.
4. The compounds with x = 1.0 show a con-
tinuous absorption characteristic of a high
concentration of free carriers, while the
spectra of the compounds with x =< 0.85
show the development of absorption bands
with decreasing x. For Bi,Pt,0; (x = 0) the
well-developed spectrum of a pyrochlore-
type compound is obtained (band assign-
ment in (5)), due to the insulating proper-

ties of this material. Similar observations
have been reported for the system Bi,Pt;.,
Ir 05 (5), Pby[Ru,_,Pb,]O0¢ 5 (3), for Ru-con-
taining perovskite polytypes as a function
of 3d transition metal ion substitution (16),
and for various perovskites with 3d tran-
sition metals (e.g., LaNi;-.B.O;; B =
Cr, Fe, and Co (17)). For the systems
LaNi;_.B,0;, Ganguly and Vasanthacharya
(17) reported that the vibrational features
in the infrared spectra disappear when the
resistivity is 10-! ohm c¢cm which is two or-
ders of magnitude more than the value of p
at which the TCR change sign. In the sys-
tem Bi,_,Pb.Pt,_Ru,O;_, a similar trend is
observed.

To facilitate the understanding of the re-
sistivity in terms of the electron transport
mechanism we have plotted In o as a func-
tion of 1/T in Fig. 5. The conductivity of the
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F1G. 5. Electrical conductivity vs reciprocal temper-
ature for Bi,_,Pb,Pt, Ru,O;_,.

samples in the insulator side of the metal—
insulator transition shows the characteristic
thermally activated conduction. However,
the activation energy remains temperature
dependent. This behavior is highly sugges-
tive of transport by three-dimensional (3D)
variable-range hopping (/8). In Fig. 6 we
plotted the conductivity data for x = 0.5
and 1.0 as a function of 7-"4. Indeed, the
conductivity shows a well-defined 7~ de-
pendence.

4. Conclusions

Electrical conductivity in the pyrochlore
Pb;Ru,065 has been discussed repeatedly
(13, 19-21). According to recent investiga-
tions (4) the 6s states of Pb are very deep
and unlikely to be mixed with the Ru 4d
states at the Fermi surface. However, the
unoccupied Pb 6p states are significantly

closer to Er and contribute to the metallic
conductivity by mixing with the Ru 4d state
via the framework oxygen. The same holds
for the unoccupied Bi 6p states in Bi,Ru,0;
4).

For Bi,Pt,0; the t,, states of Pt (Pt**: 3,)
are completely occupied and insulating
behavior is observed. The doping of
Pb,Ru,0¢s with Pt** in the system
Bi,_,Pb,Pt,_.Ru,0;_, is expected to give a
break in the conduction pathway within the
three-dimensional network of the RuOg oc-
tahedra leading to a gradual metal—-insula-
tor transition (M-I). A gradual M-I transi-
tion has been observed by several workers
(22-24) in the alkali and alkaline earth
doped transition metal oxides. The M-I
transition is of Anderson type in which the
random distribution of the dopants causes
sufficient disorder to localize the states in
the impurity band and the transition—-metal
d band.
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F1G. 6. Electrical conductivity vs T~ for Bi,_,Pb,
Pt, .Ru,O;_,.
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A gradual M-I transition has been ob-
served in the systems Bi,Pt,_,Ir,0; (5) and
Pbs[Ru,-,Pb,]0¢s (3) as well. It is interest-
ing to note that in these systems as well as
in the series Bi,_,Pb,Pt;_,Ru,O;_, the Ru or
Ir content must reach at least an amount of
75% to maintain the metallic conductivity.
This substitution level is considerably
higher than would be expected from stan-
dard percolation models. The criterion of
Scher and Zallen for lattices composed of
disordered mixtures of metallic spheres of
radius Ry and isolating spheres of radius R;
with Ry = R, gives for the onset of percola-
tion a conducting-volume fraction of 16%
(25, 26). The number of unpaired electrons
has no influence on the needed value of
at least 75% in the pyrochlore systems
Biz_bethz_xRUxO7_z, szRUszPbXOGJ, and
Bi,Pt,_,Ir.O,. In Pb;Ru,04 5, a total amount
of five electrons is present in the formula
unit in comparison with only two electrons
for Bi,Ir,O;. The observed smooth varia-
tion of the TCR for the series
Bi,_,Pt;_,Ru,0;_, from negative to positive
values with increasing x via a nearly tem-
perature-independent TCR for x = 1.5 sug-
gests the application of these pyrochlores
as resistor compositions with tailorable
TCR.
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