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The new metallic ruthenium pyrochlore oxides
La,_,Cd Ru,0,_; have been synthesized for x = 0.8, 1.0, 1.2, 1.4
and 1.6 at temperatures between 1050 and 1100°C. Magnetiz-
ation measurements for x = 1.0 and 1.6 revealed their strong
temperature-dependent paramagnetic behaviors. The bond angle
Ru-O-Ru (137.9°) and bond length Ru—O (1.957 A) determined
for La, ,Cd, (Ru,0,_; are located in the region of other metallic
ruthenium pyrochlore oxides. The pyrochlore phase
La, ,Cd, (Ru,0,_; after prolong annealing at 950°C in air con-
verts into the nearly pure perovskite phase La, ,Cd, RuQO,. Mag-
netic measurement indicates that La,,Cd,;RuO; is a weak fer-
romagnet with a Curie temperature of about 37 K.  © 1997 Academic

Press

INTRODUCTION

Ruthenium pyrochlore oxides have been extensively
studied for their novel conductivity (1, 2) and catalytic activ-
ity (3,4) which is related to their oxygen nonstoichiometry.
Bi,Ru,0, and Pb,Ru,04 5 (5-7) show metallic conductiv-
ity and Pauli paramagnetism with low resistivity of 10~3
Q-cm at room temperature, while rare earth ruthenates
Ln,Ru,05 (Ln = Pr-Lu) and Y,Ru,0O5 (8-10) are semi-
conducting with low activation energy and a spontaneous
ruthenium atomic moment. Intermediate behavior was ob-
served in T1,Ru,0- (11), which undergoes a metal-insulator
(MI) transition. The solid solutions Bi,_,Ln.Ru,0,
(Ln = Pr-Lu,Y) (12-15) occur in the whole composition
range and exhibit a MI crossover at 40-80 K for Ln =
Pr—Sm. Electrical resistivity was correlated to the bend of
the angle Ru-O-Ru. Pb,_,LnRu,O,_, (Ln = Nd, Gd)
(16) was recently prepared and characterized by X-ray,
neutron diffraction, and resistivity measurements. Ca doped
BiCaRu,0,_, (17,18) is metallic and shows Curie—Weiss
type paramagnetism. In the system La,O;-RuO,, pyro-
chlore-type La,Ru,05 has never been reported. Instead, the
distorted metallic perovskite-type LaRuOj; (19) forms where
the oxidation number of Ru is reduced to + 3. Although Cd
forms pyrochlore oxides with some cations of valence + 5
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or + 4, e.g, Cd,Nb,O-, such a phase has not yet been
found in the system with RuO,. Here, we report the lan-
thanum cadmium ruthenates La,_,Cd,Ru,0O,_, with this
structure type.

EXPERIMENTAL

The compounds La,_ ,Cd,Ru,O,_, (x =038,1.0,1.2, 1.4,
1.6) were prepared from the stoichiometric quantities of
La,0;3, CdO, and RuO,. The thoroughly mixed powders
were pelletized and prefired at 950 in air for 24 hr. Then they
were reground and sintered at 1100 in air for 48 hr with one
intermittent grinding, followed by a quench to room-
temperature. X-ray diffraction was used to check phase
compositions in the samples. Intensity data were collected
between 25° and 120° at intervals of 0.02° using CuKo
radiation. Structure and lattice parameters were refined
with a Rietveld program DBWS9411 (20). Magnetic suscep-
tibilities were measured between 5 and 300 K using
a SQUID magnetometer. Electrical conductivities were
measured using a standard four-probe method in the tem-
perature range from 10 to 300 K.

RESULTS AND DISCUSSION

Figure 1 shows the X-ray diffraction patterns for the
compositions La, _,Cd,Ru,O0,_, (x = 0.8, 1.0, 1.2, 1.4, 1.6).
A single black cubic pyrochlore phase was obtained for
these samples except that of x = 0.8 which contains a mi-
nority perovskite phase (La,Cd)RuOj;. The lattice para-
meters were refined to be 10.344(6), 10.316(5), 10.273(7),
10.288(8), and 10.331(5), respectively. The firing temperature
required to get a single-phase material is between 1050
and 1100°C. With a lower reacting temperature, samples
contain unreacted RuO,, CdO, and the perovskite phase
(La,Cd)RuOj;. Higher temperature will lead to the de-
composition of the pyrochlore phase due to the volatility of
RuO, and CdO. It was observed that heating the samples
that were mixed with some water when making pellets
rapidly converts the pyrochlore phase into RuO, and
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FIG. 1. X-ray diffraction patterns for La,_,Cd,Ru,O0;_, (x =0.8,
1.0, 1.2, 1.4, 1.6) with peaks indexed on a cubic pyrochlore structure. The
asterisk indicates the minority perovskite phase.

CdO, especially for the CdO-rich compositions. A nearly
single perovskite phase (Lay ,Cdg g)RuO3, as indicated in
Fig. 2, was obtained when the pure pyrochlore phase
Lag.4Cd; ¢Ru,0;_, was further heated at 950°C in air for
48 hr. Annealing at only 250°C in one oxygen atmosphere
also causes the partial decomposition of the pyrochlore
phase. Only the sample with composition LaCdRu,0O_, is
nearly stable under the above conditions. The diffraction
peaks for Lag,Cd; ¢Ru,O,_, split, indicating a lower
structure symmetry, probably associated with the ordering
of oxygen vacancies as in the related oxygen—deficient sys-
tem Pb,Ru,0,_, determined by neutron diffraction (21).
The Structure of La, 4Cd; ¢Ru,0,_, was refined on
Fd3m. A pseudo-Voigt peak shape function was assumed.
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FIG. 2. X-ray diffraction pattern for perovskite phase Lay ,Cdg gsRuO3
(a =3.989(1) A).
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TABLE 1
Structure Parameters for Lao,4Cd1,6Ru297_y (Space Group,
Fd3m; a=10.331 (5) A)

Atom Site X y z Occupancy  B(A?)
La/Cd  16d 12 12 12 1.0 0.8(2)
Ru 16¢ 0 0 0 1.0 0.2(1)
o) 481 03183) 18 1/8 1.0 1.103)
o’ 8h 3/8 3/8 3/8 0.67(5) 1.103)
Ru-O(A) 1.957(11)  La/Cd-O (A) 2.623(22)

La/Cd-O'(A) 2236(1) Ru-O-Ru (%) 137.9(1.7)

Note. Ry, =8.9%, R, =7.1%, Rex, = 5.5%, and Ry = 7.3%.

The final structure parameters are listed in Table 1 with the
observed, calculated, and difference patterns shown in
Fig. 3.

All these samples show metallic conductivity as indicated
in Fig. 4. The resistivity is lower and shows less temperature
dependence for the sample with the higher Cd content. The
conducting behavior is correlated to the Ru 4d bandwidth
and the Ru—O overlap integrals. The bond angle Ru—O-Ru
of Lag 4Cd; ¢Ru,O-_, is close to that of metallic Bi,Ru,0O-
(~138°), larger than that ( ~128.5°) of the semiconducting
phase Y,Ru,0O, and thus with a wider Ru 4d band. The
Ru-O bond length also lies in the region (about 1.94-1.97 A)
with metallic behavior, which is shorter than that of the
semiconducting phase, e.g., 1.986 A for Y,Ru,0,. Magnetic
susceptibilities shown in Fig. 5 for La,_,Cd,Ru,O0,_,
(x = 1.6 and 1.0) indicate a Curie—Weiss type paramagnetic
behavior at high temperature above 120 K. The effective
magnetic moments for Ru were determined to be 3.1 and
3.2, respectively. They are much smaller than the value 4.89
for the high spin state of d* (S = 2), but close to 2.83 for its
low spin state (S = 1), suggesting that Ru that is octahed-
rally oxygen coordinated is at a low spin state. As compared
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FIG. 3. Observed ( — ) and calculated ( + ) patterns with their differ-
ence shown below.
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FIG. 4. Temperature dependence of resistivity for La, - ,CdRu,0,_,
(x=0.3, 1.0, 1.2, 1.4, 1.6).

with the related stoichiometric ruthenium pyrochlore series,
Ln,Ru,05 (Ln = rare earth and Y) (9) which gives almost
the same effective moment as the low spin state of Ru**, the
slightly higher values for La,_,Cd,Ru,O,_, can be as-
cribed to the mixed valence of Ru with the estimated Ru
oxidation states + 4.26 and + 4.35 and thus the oxygen
content derived y = 0.54 and 0.15 for Lay 4Cd; ¢Ru,O,_,
and LaCdRu,0O,_,, respectively. The negative paramag-
netic Curie temperature for both compounds indicates an
antiferromagnetic coupling between the Ru cations. The
large temperature dependence of inverse magnetic suscep-
tibilities at low temperature below 50 K probably is due to
the enhancement of exchange interaction between electrons
of the conduction band, as in the case of BiCaRu,0;_,.
Figure 6 shows the field-cooled magnetic susceptibility data
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FIG.5. Magnetic susceptibilities for La, _ .CdRu,O0,_, (x = 1.0 and
1.6) with strong temperature dependence and large magnetic moments for
Ru.
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FIG. 6. Magnetic susceptibility measured at FC mode for perovskite
phase Lay,CdygRuO; (a =3.9852)A), indicating the ferromagnetic
transition around 37 K.

for the cubic perovskite phase (Lay ,Cdy g)RuO3; a spon-
taneous magnetization develops around 37 K, indicating
a weak ferromagnetic transition for this compound.
Field and zero-field susceptibilities are consistent. STRuQO;
was known to be a ferromagnet with T = 160K,
while CaRuOj; is paramagnetic. The solid solutions
Sr; _,Pb,RuO; and Sr;_,Ca,RuO; lie in between.
(Lag.»Cdy.g)RuOs, which is also associated with mixed val-
ences of Ru, is expected to be similar to (Lay ,Srg g)RuQOs3,
where the end member LaRuOj; that has the GdFeO;-type
structure is metallic with paramagnetic behavior.

In summary, the lanthanum pyrochlore ruthenates
La,_,Cd,Ru,0;_, (x =038, 1.0, 1.2, 1.4, 1.6) have been
synthesized by codoping with cadmium. They are all metal-
lic but show large paramagnetic susceptibilities. More de-
tailed structure concerning oxygen occupancies, positions,
and ordering will be further determined by neutron diffrac-
tion. Studies of conductivities and magnetization of the new
ferromagnetic perovskite-type solid solution (La, Cd)RuO;
and possible substitution of Cd at the Ru site are underway.
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