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Thallium ruthenium oxides, Tl2Ru2O72d, with the pyrochlore
structure were synthesized under a pressure of 1–5 GPa and
1173 K and characterized by resistivity, magnetization, and
TOF neutron-diffraction measurements. The oxygen vacancy, d,
varied with the synthesis conditions and significantly affected
their electrical properties. The pyrochlores synthesized at high
pressure and atmospheric pressure are classified into four groups
which depend on their oxygen nonstoichiometry. (i) Non-
stoichiometric Tl2Ru2O6.71 shows a metallic conductivity with
almost temperature-independent magnetization. (ii) Stoichio-
metric Tl2Ru2O7 synthesized under high oxygen pressure using
KClO4 shows a metallic–semiconducting transition at 120 K
with magnetization anomalies at 120 and 40 K. (iii) Slightly
nonstoichiometric Tl2Ru2O6.96 shows spin-glass-like behavior
around 40 K accompanying a resistivity increase at the
transition. (iv) Tl2Ru2O7 synthesized at 773 K and atmospheric
pressure is semiconducting with magnetization anomalies at 120
and 40 K. The change from the metallic to semiconducting state
is discussed from the viewpoint of structure changes. ( 1998
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1. INTRODUCTION

The pyrochlores A
2
Ru

2
O

7
exhibit a wide range of electri-

cal resistivities: Bi
2
Ru

2
O

7
and Pb

2
Ru

2
O

6.5
are metallic and

Pauli paramagnetic with low resistivities of 10~3 ) ) cm at
room temperature; ¸n

2
Ru

2
O

7
(¸n"Pr—Lu) and Y

2
Ru

2
O

7
are semiconducting with low activation energies (1—3); and
Tl

2
Ru

2
O

7~d shows a metallic—semiconducting transition
around 120 K (4, 5). To understand their high electrical
conductivities, the electronic structures of Bi

2
Ru

2
O

7
,

Y
2
Ru

2
O

7
, and Pb

2
Ru

2
O

6.5
have been investigated by XPS,

UPS, and HREELS (6—8) and by the pseudofunction
method (9). The unoccupied Pb or Bi 6p states are close to
E
F

and contribute to the metallic conductivity by mixing
with the Ru 4d state via the framework oxygen. On the other
hand, relationships between the electrical properties and the
crystal structures have been reported for the solid solutions,
Bi

2~x
¸n

x
Ru

2
O

7
and Pb

2~x
¸n

x
Ru

2
O

7~d (¸n"Y, Pr—Lu)
(10—12). The metallic—semiconducting change is related to
their structural changes as follows: the Ru—O(1) bond length
in the RuO

6
octahedra increases, (ii) the distortion of the

RuO
6

octahedra increases, and (iii) the bend in the RuO
6

zigzag chains increases with increasing ¸n3` contents.
The thallium pyrochlore was first synthesized by Sleight

et al. (4) under 0.3 GPa of applied pressure. Tl Ru O

2 2 7
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showed metallic properties with nearly temperature inde-
pendent resistivity. Later, Jarrett et al. (5) reported that
Tl

2
Ru

2
O

7~d synthesized at high pressure showed a metal-
lic—semiconducting transition around 120 K. However, the
transition behavior in the system was quite complicated.
The transition temperature varied with their lattice para-
meters. They suggested that three regions appear as the
lattice parameter a decreases: (i) a metallic region, (ii) an
enhanced susceptibility region, and (iii) a metallic—semicon-
ducting transition region. However, the relationships be-
tween the structures, the compositions, and their physical
properties are still ambiguous.

The thallium pyrochlore tends to be off stoichiometry.
The composition, d, in Tl

2
Ru

2
O

7~d is difficult to determine
chemically because the sample is insoluble in any acids.
Furthermore, systematic control of oxygen stoichiometry in
syntheses is difficult because of the high vapor pressure of
thallium oxide; the reaction at atmospheric pressure is con-
trolled by gaseous species of the thallium oxide, Tl

2
O, and

the following redox—vaporization process is active above
873 K :Tl

2
O

3
HTl

2
O # O

2
.

Previously, we synthesized the thallium pyrochlore at
atmospheric pressure and found a low-temperature phase,
Tl

2
Ru

2
O

7
(synthesized at 773 K), and a high-temperature

phase, Tl
2
Ru

2
O

6.71
(synthesized at 1173 K), which are

semiconducting and metallic, respectively (13). However, no
metallic—semiconducting transition was observed around
120 K; the low-temperature phase with nearly stoichiomet-
ric composition might be different from those reported by
Jarrett et al. (5). Synthesis above 1173 K at atmospheric
pressure is difficult because of a complete decomposition
from Tl

2
Ru

2
O

7~d to RuO
2

and Tl
2
O. A high-pressure tech-

nique is necessary to control the reaction.
In the present study, the thallium pyrochlores were syn-

thesized under high-pressure and high-oxygen-pressure con-
ditions (1—5 GPa). The synthesis conditions were changed
systematically and the relationships between the conditions,
compositions of the reaction products, their physical proper-
ties, and the structures were clarified. Furthermore, phase
transitions in Tl

2
Ru

2
O

7
and Tl

2
Ru

2
O

6.96
were studied with

low-temperature X-ray diffraction measurements.

2. EXPERIMENTAL

Starting materials were RuO
2
, Tl

2
O

3
, and Ru (RuO

2
, Ru,

Furuuchi Chemical Ind. Ltd., '99.99% purity; Tl
2
O

3
,

Nakarai Chemicals Ltd., '99.9% purity). These were
weighed, mixed, and put into a sandwich-type gold capsule.
The cell was then inserted in a piston—cylinder type high-
pressure apparatus and heated for 1 h at a fixed temperature
of 1173—1373 K and a pressure of 1—5 GPa. In order to
apply high oxygen pressure, the sample was put into a gold
capsule with an oxidizing agent, KClO

4
, either mixed with

each other or separated with a stabilized ZrO
2

powder
which prevented reaction between the oxides on both
sides.

X-ray diffraction patterns of the powdered samples were
obtained with an X-ray diffractometer (Rigaku RAD-C,
12 kW) with CuKa radiation. The lattice parameters of the
thallium pyrochlores were refined by Rietveld analysis using
the computer program RIETAN-94 (14). The diffraction
data were collected for 5 s at each 0.02° step width over a 2h
range from 10 to 100°. X-ray diffraction data were taken at
10—300 K.

Neutron-diffraction data were taken at 295 K on a time-
of-flight (TOF) neutron powder diffractometer, VEGA, at
the KENS pulsed spallation neutron source at the National
Laboratory for High Energy Physics (KEK) (15). The speci-
men (ca. 1 g) was contained in a cylindrical vanadium cell of
dimensions 5 mm in radius, 55 mm in height, and 200 lm
in thickness. The structural parameters were refined with
RIETAN-96T.

Electrical resistivity was measured for the samples with
dimensions of approximately 2]2]3 mm. The data were
obtained by the dc four-probe method with silver-paste
contact in the temperature range 104¹4300 K using
a Toyo-Sanso low-temperature electrical-conductivity meas-
urement unit. Magnetization was measured by a SQUID
magnetometer (Quantum Design, MPMS2) at between
5 and 300 K in a field of 1 kOe.

3. RESULTS AND DISCUSSION

3.1. Synthesis

Thallium pyrochlores were synthesized with various
starting compositions and reaction conditions. Reactions
under high pressure in a closed vessel might control the
amount of vacancies in the reaction products. Compositions
of the thallium pyrochlores are presumed to be dependent
on the reaction conditions, and the compositions expected
for this system are as follows: (i) Tl

2
Ru

2
O

7~d (oxygen defi-
ciency), (ii) Tl

2~d{Ru
2
O

7
(thallium deficiency), and (iii)

Tl
2~d{Ru

2
O

7~d (both oxygen and thallium deficiencies).
The following reaction conditions are therefore studied.

(i) Oxygen deficiency: Ru metal was used as a starting
material to keep a reducing condition in a high-pressure vessel.
The oxidation states expected are Tl3`, Tl`, Ru4`, and Ru3 .̀

(ii) No deficiency in the structure (stoichiometric pyro-
chlore): High oxygen pressure was applied using KClO

4
to

minimize the amount of oxygen deficiency. The oxidation
states expected are Tl3` and Ru4`.

(iii) Thallium deficiency: Tl
2
O

3
and RuO

2
were used as

starting materials with a Tl/Ru ratio(1.0. High oxygen
pressure was applied with KClO

4
. The oxidation states

expected are Tl3`, Ru5`, and Ru4`.
(iv) Thallium and oxygen deficiencies: The starting mater-

ials, Tl
2
O

3
and RuO

2
, were used with a Tl/Ru ratio(1.0.

The oxidation states expected are Tl3` and Ru4`.



TABLE 1
Materials Data for Tl22d@Ru2O72d

Nominal Reaction Lattice parameter Impurity
compositions conditions a/As phases

Tl
2
Ru

2
O

6.5
a 1 GPa, 1173 K 10.18950(10) RuO

2
, Tl

2
O

3
Tl

1.8
Ru

2
O

6.5
a 1 GPa, 1173 K 10.18721(19) RuO

2

Tl
2
Ru

2
O

7
b 1 GPa, 1173 K 10.18618(10) —

Tl
1.9

Ru
2
O

6.85
b,h 1 GPa, 1173 K 10.18492(19) RuO

2
Tl

1.8
Ru

2
O

6.7
b 5 GPa, 1173 K 10.18261(15) RuO

2
Tl

1.7
Ru

2
O

6.55
b 1 GPa, 1173 K 10.1854(2) RuO

2

Tl
2
Ru

2
O

7
c 1 GPa, 1173 K 10.18425(17) RuO

2
d

Tl
1.95

Ru
2
O

7
c 1 GPa, 1173 K 10.1850(2) RuO

2
Tl

1.83
Ru

2
O

7
c 1 GPa, 1173 K 10.1847(2) RuO

2
Tl

1.8
Ru

2
O

7
c,i 1 GPa, 1173 K 10.1822(2) RuO

2
Tl

2
Ru

1.8
O

7
c 1 GPa, 1173 K 10.1840(2) RuO

2
, Tl

2
O

3

Tl
2
Ru

2
O

7
e 0.3 GPa, 973 K 10.20(1) —

Tl
2
Ru

2
O

7
e 3 GPa, 1173 K 10.188 TlCl, RuO

2
Tl

2
Ru

2
O

7
e 0.3 GPa, 1223 K 10.1863 Tl

2
O

3
, RuO

2
Tl

2
Ru

2
O

7
e 3 GPa, 1173 K 10.174 TlCl, RuO

2
Tl

2
Ru

2
O

7
e 0.3 GPa, 1223 K 10.188 Tl

2
O

3
, RuO

2
Tl

2
Ru

2
O

7
e 0.3 GPa, 1223 K 10.188 Tl

2
O

3
, TlCl, RuO

2
Tl

2
Ru

2
O

7
f,g ambient, 773 K 10.2116(10) RuO

2
Tl

2
Ru

2
O

6.71
f,g ambient, 1173 K 10.2008(9) —

aHigh-pressure synthesis using Ru metal as a starting material (reducing
conditions).

bHigh-pressure synthesis.
cHigh-oxygen-pressure synthesis using KClO

4
as an oxidizing agent.

dVery small amount of RuO
2

was detected.
eAfter Jarrett et al. (5).
fCompositions determined by neutron diffraction measurements.
gAfter Kanno et al. (13).
hThe composition, Tl

2
Ru

2
O

6.96
, was determined by the neutron diffraction

measurement in the present study.
iThe composition, Tl

2
Ru

2
O

7
, was determined by the neutron diffraction

measurement in the present study.
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Table 1 summarizes the materials data for Tl
2~d{Ru

2
O

7~d synthesized in the present study together with those
reported previously (5, 13). The compositions indicated in
Table 1 are taken from the starting compositions of the
syntheses (nominal compositions) and the oxygen composi-
tions are written as 7.0 when the high oxygen pressure was
applied with KClO

4
. Among these samples, the composi-

tions of ‘‘Tl
1.8

Ru
2
O

7
’’ and ‘‘Tl

1.9
Ru

2
O

6.85
’’ were deter-

mined by neutron diffraction data in the present study as
Tl

2
Ru

2
O

7
and Tl

2
Ru

2
O

6.96
, respectively. Impurity phases

such as RuO
2

and Tl
2
O

3
were always observed except for

the stoichiometric starting composition, Tl
2
Ru

2
O

7
. The lat-

tice parameters varied with the reaction conditions as in-
dicated previously (5). Reducing reaction conditions with
Ru metal as a reactant have led to slightly larger lattice
parameters. This is consistent with the previous results that
the samples synthesized at 1173 K under ambient pressure
have the composition Tl

2
Ru

2
O

6.71
with larger lattice para-
meters than those synthesized at high pressures. Oxygen
vacancies in the O(2) sites might lead to larger lattice para-
meters. On the other hand, the oxidizing conditions using
KClO

4
led to samples with slightly smaller lattice para-

meters.

3.2. Electrical Properties

Figure 1 shows temperature dependence of the resistivity
for Tl

2
Ru

2
O

7~d synthesized at high pressures. The electrical
properties are divided into three categories: (i) metallic,
(ii) metallic-to-semiconducting transition around 40 K, and
(iii) metallic—semiconducting transition around 120 K.
These categories correspond to the samples synthesized
under reducing high-pressure conditions, high-pressure
conditions, and high-oxygen-pressure conditions, respec-
tively. The samples synthesized in the reduced conditions
(nominal compositions, Tl

2
Ru

2
O

6.5
and Tl

1.8
Ru

2
O

6.5
)

showed metallic behavior with low resistivity values. The
behavior is similar to that observed for the high-temper-
ature phase, Tl

2
Ru

2
O

6.71
, obtained at the atmospheric syn-

thesis condition (13). The samples obtained under a pressure
of 1—5 GPa without oxidizing or reducing agents (nominal
compositions, Tl

2
Ru

2
O

7
, Tl

1.9
Ru

2
O

6.75
, Tl

1.8
Ru

2
O

6.7
,

Tl
1.7

Ru
2
O

6.55
) showed a slope change in the resistivity

curves around 40 K which corresponds to a metallic-to-
semiconducting transition. The samples obtained under
a high oxygen pressure (nominal compositions, Tl

2
Ru

2
O

7
,

Tl
1.83

Ru
2
O

7
, Tl

1.8
Ru

2
O

7
) showed a metallic—semiconduct-

ing transition around 120 K accompanying a drastic resis-
tivity increase of 2 orders of magnitude.

3.3. Magnetic Properties

Magnetization (M) was measured as a function of applied
field (H) at several fixed temperatures and also as a function
of temperature at fixed fields. The magnetization was meas-
ured after cooling in zero field, and then measured again
down to 4 K in the applied magnetic field. Figure 2 shows
a typical temperature dependence of M/H measured from
4 to 300 K at 1 kOe for the sample synthesized at a high
oxygen pressure (nominal composition, Tl

1.8
Ru

2
O

7
) and at

a high pressure (nominal composition, Tl
1.9

Ru
2
O

6.85
). For

‘‘Tl
1.8

Ru
2
O

7
,’’ almost temperature independent magnetiz-

ation was observed from 300 to 120 K, and an abrupt
decrease in the magnetization was found at the metallic—
semiconducting transition. A small anomaly was also ob-
served around 40 K with a large increase in the magnetiz-
ation at low temperatures.

On the other hand, ‘‘Tl
1.9

Ru
2
O

6.85
’’ showed a large his-

tory dependence in the range 5 K4¹440 K. The field
cooled (fc) M/H is much larger than the zero field cooled
(zfc) M/H, and the cusp was observed at 40 K for the zfc
M/H curve. Isothermal magnetization data at 5 K are



FIG. 1. Temperature dependence of resistivity for the thallium pyrochlores. The nominal compositions are indicated in the figure.
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FIG. 2. Temperature dependence of magnetization M/H for the thal-
lium pyrochlores. The nominal compositions are indicated in the figure.
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shown in Fig. 3 for ‘‘Tl
1.8

Ru
2
O

7
’’ and ‘‘Tl

1.9
Ru

2
O

6.85
.’’

(The compositions of these samples were determined by
neutron diffraction measurements to be Tl

2
Ru

2
O

7
and

Tl
2
Ru

2
O

6.96
, respectively.)

Figure 4 summarizes the starting compositions, reaction
conditions, and their electrical properties of the reaction
products. The nominal compositions are indicated in the
figure. The reducing conditions led to metallic properties
and slightly larger lattice parameters which are shown in
Table 1. However, no significant difference in lattice para-
meters was observed between the samples obtained at high
pressure and high oxygen pressure (see Table 1).

The samples synthesized under high oxygen pressure
showed the metallic—semiconducting transition around
100—125 K with an abrupt magnetization drop at the
transition temperature. A small magnetization anomaly was
also observed around 40 K. This anomaly might be caused
either by another magnetic interaction or by an impurity
phase with less oxygen content. The samples synthesized
under high pressure showed the metallic-to-semiconducting
change around 30—50 K with a large history dependence in
the magnetization curves which is similar to a spin-glass-
like behavior or canted antiferromagnet. The oxygen con-
tent might affect their electrical and magnetic properties. On
the other hand, thallium deficiency, if it exists in the reaction
products according to the nominal compositions, might not
affect their physical properties.

3.4. Structure Refinements

To clarify the compositions and structures of the phases
obtained in the present study, the structure parameters were
refined using neutron powder diffraction data for the sam-
ples, ‘‘Tl

1.9
Ru

2
O

6.85
’’ and ‘‘Tl

1.8
Ru

2
O

7
’’ which were syn-

thesized under high pressure and high oxygen pressure,
respectively. Intensity data for interplanar spacings between
0.67 and 4.0 As were used for Rietveld analysis.

Structural parameters were refined with space group
Fd31 m using a structural model, Tl at 16d (1

2
, 1
2
, 1
2
), Ru at 16c

(0, 0, 0), and O(1) at 48 f (x, 1
8
, 1
8
) with x+0.32, and O(2) at 8b

(3
8
, 3
8
, 3
8
). The site occupation parameters, g, of the Tl, Ru, and

O(2) sites were also refined; no significant deviation from the
stoichiometric composition (g"1) was observed for the Tl
or Ru sites in both samples. In the final refinement cycle,
anisotropic thermal parameters were assigned for all the
sites. No correction was made for preferred orientation.
Table 2 lists final R factors, lattice, and structural para-
meters with their estimated standard deviations in paren-
theses. Table 3 gives interatomic distances and bond angles
calculated with ORFFE (16). Figure 5 illustrates the profile
fit and difference patterns for both samples. For the refine-
ment of the high-oxygen-pressure phase (a nominal com-
position, ‘‘Tl

1.8
Ru

2
O

7
’’), the g value at the O(2) sites

exceeded 1.00; thus the g value was fixed at 1. The occu-
pancy at the O(2) site was determined to be 0.96(3)
(Tl

2
Ru

2
O

6.96
) for the samples synthesized under a high

pressure (a nominal composition, ‘‘Tl
1.9

Ru
2
O

6.85
’’).

The oxygen content, d, in Tl
2
Ru

2
O

7.0~d was determined
in the present study for the phases which were synthesized
under high pressure (Tl

2
Ru

2
O

6.96
) and high oxygen pres-

sure (Tl
2
Ru

2
O

7
). On the other hand, the thallium site is fully

occupied by Tl, despite the change in the starting composi-
tions. The oxygen nonstoichiometry in the thallium pyro-
chlores varies depending on the synthesis conditions, and
the ambiguity in physical properties reported previously (5)
might be caused by the difficulties in the control of oxygen
nonstoichiometry when reactions at atmospheric pressure
are used.

The results on the oxygen contents are summarized as
follows. (i) The high-temperature phase synthesized under
atmospheric pressure has a large amount of oxygen vacancy
of 0.29(2) (13). (ii) The stoichiometric composition with
respect to the oxygen content d"0 is obtained by applying
high oxygen pressure. (iii) The high-pressure phase has
a small amount of vacancy of 0.04(3). (iv) The low-temper-
ature phase synthesized under atmospheric pressure is
stoichiometric, d"0 (13).



FIG. 3. Isothermal magnetization data at 5 K for ‘‘Tl
1.8

Ru
2
O

7
’’ (a) and ‘‘Tl

1.9
Ru

2
O

6.85
’’ (b).
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The oxygen contents of the two thallium pyrochlores,
high-oxygen-pressure phase (Tl

2
Ru

2
O

7.000(6)
) and high-

pressure phase (Tl
2
Ru

2
O

6.951(6)
) were also confirmed by

our neutron diffraction experiments at 100 K, which will be
published elsewhere.

3.5. Structure—Property Relationship in the Pyrochlores

The relationship between the physical properties and the
oxygen content is now clarified. (i) The high-temperature
phase having oxygen nonstoichiometry, Tl

2
Ru

2
O

6.71
, is

metallic. (ii) The high oxygen pressure phase with the stoi-
chiometric composition, Tl

2
Ru

2
O

7
, showed the metallic—

semiconducting transition at 120 K. The small magnetiz-
ation anomaly at 40 K might correspond to the
spin-glass-like behavior which is observed for Tl

2
Ru

2
O

6.96
.

(iii) A small amount of oxygen vacancy in the structures, for
example, in Tl

2
Ru

2
O

6.96
synthesized under high pressure

led only to a spin-glass-like behavior with a resistivity
increase at the transition temperature around 40 K. (iv) The
stoichiometric Tl

2
Ru

2
O

7
synthesized under atmospheric

pressure is semiconducting.
Electron microprobe analysis of the samples, Tl

2
Ru

2
O

7
(ii), Tl

2
Ru

2
O

6.96
(iii), and Tl

2
Ru

2
O

7
(iv) indicated the

Tl : Ru ratio of 1 : 1 within their accuracy. The results are
consistent with the neutron diffraction results, and the vari-
ation of the properties is mainly dependent on the oxygen
content. However, the semiconducting property of the low-
temperature phase Tl
2
Ru

2
O

7
is rather difficult to under-

stand. In the present study, the magnetization of this phase
was measured using the sample synthesized at 773 K in
a sealed tube (13). Temperature dependence of the magnetiz-
ation is shown in Fig. 6. Magnetization change was
observed near 120 K which corresponds to the metallic—
semiconducting transition of the high-oxygen-pressure
phase, Tl

2
Ru

2
O

7
. The difference between fc and zfc magnet-

ization at ¹(40 K corresponds to the spin-glass-like be-
havior for Tl

2
Ru

2
O

6.96
, and was also observed for

Tl
2
Ru

2
O

7
. The results indicate two different kinds of

stoichiometric phases, one is the high-oxygen-pressure
phase with the metallic—semiconducting transition, and the
other is the low-temperature phase with semiconducting
property synthesized at ambient pressure.

To confirm the two modifications of the stoichiometric
Tl

2
Ru

2
O

7
, conversion between the high-pressure phase and

ambient-pressure phase was examined. The sample
(Tl

2
Ru

2
O

7
high-oxygen-pressure phase showing the

transition at 120K) was sealed in a quartz tube under
vacuum and annealed at 550°C for 96 h. The resistivity
measurement of this phase after this treatment indicated
only a slope change in the resistivity curve around 120 K,
and the drastic resistivity change disappeared. The semicon-
ducting Tl

2
Ru

2
O

7
(low-temperature phase synthesized at

ambient-pressure conditions) was treated at 1 GPa and
900°C. The resistivity measurement indicated that the me-
tallic—semiconducting transition appeared around 80 K



FIG. 4. Relationship between the starting compositions and electrical
properties; ‘‘M—S trans,’’ Metallic—semiconducting transition. Transition
temperatures are indicated in the parentheses. Nominal compositions are
indicated in the figure.

TABLE 2
Rietveld Refinement results for Tl2Ru2O72d

(a) Tl
2
Ru

2
O

6.96
synthesized under high pressure conditions

Atom Site g x y z B
%2

(As 2)

Tl 16d 1 1
2

1
2

1
2

1.46
Ru 16c 1 0 0 0 1.34
O(1) 48f 1 0.3247(4)a 1

8
1
8

1.61
O(2) 8b 0.96(3) 3

8
3
8

3
8

1.45

Atom º
11

(As 2)b º
22

(As 2) º
33

(As 2) º
12

(As 2) º
13

(As 2) º
23

(As 2)

Tl 0.0185(14) "º
11

"º
12

!0.0006(16) "º
12

"º
12

Ru 0.0170(14) "º
11

"º
12

0.000(2) "º
12

"º
12

O(1) 0.023(2) 0.0189(16) "º
22

0 0 0.04(2)
O(2) 0.018(4) "º

11
"º

12
0 0 0

a"10.1831(2)As , R
81
"6.86, R

1
"5.36, S"R

81
/R

%
"1.12, R

I
"3.74, and

R
F
"3.04

(b) Tl
2
Ru

2
O

7
synthesized under high-oxygen-pressure conditions

Atom site g x y z B
%2

(As 2)

Tl 16d 1 1
2

1
2

1
2

1.46
Ru 16c 1 0 0 0 1.28
O(1) 48f 1 0.3256(4) 1

8
1
8

1.68
O(2) 8b 1 3

8
3
8

3
8

1.63

Atom º
11

(As 2)c º
22

(As 2) º
33

(As 2) º
12

(As 2) º
13

(As 2) º
23

(As 2)

Tl 0.0184(16) "º
11

"º
12

!0.0012(17) "º
12

"º
12

Ru 0.0162(15) "º
11

"º
12

0.000(2) "º
12

"º
12

O(1) 0.024(2) 0.0199(16) "º
22

0 0 0.04(2)
O(2) 0.021(3) "º

11
"º

12
0 0 0

a"10.1865(2)As , R
81
"9.55, R

1
"6.96, S"R

81
/R

%
"1.23, R

I
"3.66, and

R
F
"3.08

Structural parameters for RuO
2
c

Atom Site g x y z B (As 2)

Ru 2a 1 0 0 0 1.4(5)
O 4f 1 0.309(2) "x 0 0.5(3)

a"4.4890(2)As , c"3.1049(4)As , R
I
"8.61, and R

F
"5.73

aNumbers in parentheses are estimated standard deviations of the last
significant digit.

bThe form of the anisotropic temperature factor is

exp[!2n2(h2a*2º
11
#k2b*º

22
#l2c*2º

33
#2hka*b*º

11

#2hla*c*º
13
#2klb*c*º

23
)].

cRefinement using space group P4
2
/mnm.
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with a resistivity change of 1 order of magnitude. These
results confirmed that both the high-pressure phase and
ambient-pressure phase exist for Tl

2
Ru

2
O

7
, and converting

from high-pressure phase to ambient-pressure phase is re-
versible.

The diffraction experiments of the low-temperature ambi-
ent pressure phase, Tl

2
Ru

2
O

7
, indicated rather broad X-ray

and neutron diffraction peaks (see Fig. 2 in Ref. (13)) which
might be caused by an inhomogeneity in the structure. The
electrical properties might be affected by the inhomogeneity
or local disordering in the structure, and this could be
a reason for the semiconducting behavior. Further studies
on this low-temperature phase are still necessary based on
the local structure analysis such as TEM observations and
EXAFS measurements.

To clarify the relations between the structures and phys-
ical properties, the bond distances and angles are sum-
marized for the four typical samples with different synthesis
conditions, (i) Tl Ru O (high-temperature phase having
2 2 6.71



TABLE 3
Interatomic Distances (As ) and Bond Angles (deg)

for Tl2Ru2O72da

Phase Tl
2
Ru

2
O

6.96
Tl

2
Ru

2
O

7

Interatomic distances
Tl—O(1)* (]6) 2.535(3) 2.530(3)
Tl—O(2) (]2) 2.2047(1) 2.2054(1)
Ru—O(1)** (]6) 1.9543(17) 1.9586(18)

Bond angles
Ru***—O(1)—Ru*7 134.2(2) 133.7(2)
Tl7—O(1)—Tl7* 90.48(14) 90.78(15)
Tl7—O(1)—Tl7** 109.4712 109.4712
O(1)**—Ru—O(1)7*** 94.75(15) 95.09(17)

aCoordinate triplets: (i) x, y#1
2
, z#1

2
; (ii) x!1

4
, y#1

4
, !z; (iii)

!x#1
4
, !y#1

4
, z; (iv) !x#1

4
, y, !z#1

4
; (v) x, !y#3

4
, !z#3

4
;

(vi) x, y!1
2
, z!1

2
; (vii) !x#3

4
, y, !z#3

4
; (viii) !z, x!1

4
, y!1

4
.

FIG. 5. Observed, calculated, and difference plots for the neutron
Rietveld analysis for Tl

2
Ru

2
O

6.96
(a) and Tl

2
Ru

2
O

7
(b). The refinement of

Tl
2
Ru

2
O

7
(b) was carried out using the two-phase model with RuO

2
. The

solid line depicts calculated intensities, the overlying dots the observed
intensities, and *y

i
the difference between the observed and calculated

intensities.
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oxygen nonstoichiometry), (ii) Tl
2
Ru

2
O

7
(high-oxygen-

pressure phase with the stoichiometric composition),
(iii) Tl

2
Ru

2
O

6.96
(high-pressure phase with small amount of

oxygen vacancy), (iv) Tl
2
Ru

2
O

7
(low-temperature phase at

ambient-pressure conditions). For the low-temperature
semiconducting phase (iv), the average structure which was
determined by the neutron diffraction experiments (13) is
considered in the present study. Figure 7 shows temperature
dependence of electrical resistivities of these phases. Each
sample shows typical behavior of (i) metallic, (ii) metallic—
semiconducting transition at 120 K, (iii) metallic-to-
semiconducting change at 50 K, and (iv) semiconducting
behavior.

Like the cubic-perovskite structure, the pyrochlores
A

2
B
2
O

6
O@ have a BO

3
array of corner-shared octahedra,

but the B—O—B angles are reduced from 180 to about 130°.
Reduction of the B—O—B angles from 180° reduces the
B—O—B overlap integrals; the electrical properties of the
pyrochlores might thus be affected by a small change in the
B—O—B angles. Figure 8 shows the relationship between the
bond distances and bond angles of four samples indicated
above, (i)—(iv). With increasing Ru—O(1) distances, the
Tl—O(1) distance decreases, the Ru—O(1)—Ru angle de-
creases, and two O(1)—Ru—O(1) angles split from 90°. The
increase in the Ru—O(1) bond lengths leads to the distortion
of RuO

6
octahedra and to the reduction of Ru—O(1)—Ru

angles, which tends to localize electrons due to the reduced
Ru—O(1) interaction.

The pyrochlore structure is viewed as being made up of
two networks, (Tl

2
O)

=
and (RuO

3
)
=
, which interpenetrate

with each other. The bridging oxide ions, O(1), are connec-
ted to both Tl and Ru ions, and the Tl—O(1) bond strength
might strongly affect the Ru—O(1) bond. These two interac-
tions are competitive; the stronger the Tl—O(1) bond, the
weaker the Ru—O(1) bond. The fact that the Tl—O(1) dis-
tance decreases with increasing Ru—O(1) distance corres-
ponds to the change from semiconducting to metallic
character, through the metallic—semiconducting transition.

The relationship between the electrical properties and the
structures has been reported for the Bi

2~x
¸n

x
Ru

2
O

7
and

Pb
2~x

¸n
x
Ru

2
O

7~d (¸n"Pr—Lu, Y) solid solutions (10—12).
The resistivity increases with x, and the metallic property
changes to semiconducting between x"1.2 and 1.4. With
increasing ¸n content, the Ru—O(1) bond lengths increase,
the distortion of the RuO

6
octahedra increases, and the

bend in the RuO
6

zigzag chains increases from x"0 to 2.0.
These structural changes are quite similar to those found in
the thallium pyrochlores. Figure 9 summarizes the Ru—O(1)
bond distances and the Ru—O(1)—Ru angles for the Ru-
containing pyrochlores. The metallic region is obviously
separated from the semiconducting region; the compounds
with Ru—O(1) distances of 1.94—1.97 As and Ru—O(1)—Ru



FIG. 6. Temperature dependence of magnetization M/H for the thal-
lium pyrochlores, Tl

2
Ru

2
O

7
, synthesized at 773 K and ambient-pressure.

FIG. 7. Temperature dependence of the resistivity for the thallium
pyrochlores. (a) Tl

2
Ru

2
O

6.71
: high-temperature phase (HT), metallic:

(b) Tl
2
Ru

2
O

6.96
: high-pressure phase, resistivity change around 50 K.

(c) Tl
2
Ru

2
O

7
: high-oxygen-pressure phase, metallic—semiconducting

transition at 120 K. (d) Tl
2
Ru

2
O

7
: low-temperature phase (LT), semicon-

ducting.
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angles of 134—139° show metallic behavior, and those with
Ru—O(1) distances of 1.97—2.00 As and Ru—O(1)—Ru angles
of 129—134° show semiconducting behavior. The bond
distances and bond angles determined for Tl

2
Ru

2
O

7~d
correspond to the borderline between metallic and semicon-
ducting behavior. Recently, the importance of the
Ru—O—Ru angle was also confirmed based on neutron dif-
fraction data on ¸n

2
Ru

2
O

7
(18). They indicated that the

angles greater than 133° are necessary to facilitate metallic
conductivity, which is consistent with the present results.

Figure 10 shows the relations between ionic radii of
A ions (17) and A—O(1), A—O(2), and the average of eight
A—O distances in the ruthenium pyrochlores. The data are
taken from our previous X-ray Rietveld refinement results
(10, 11) and also from the recent results on neutron diffrac-
tion experiments (18). The bond distances obtained from the
X-ray and neutron diffraction experiments are consistent
with each other except the bismuth pyrochlore. This might
be caused by the difference in the sample stoichiometry; the
sample used for the structure analysis using neutron diffrac-
tion contains O(2) deficiency and the composition was
Bi

2
Ru

2
O

6.92
(19). The Pb—O distances are also shorter than

the value expected from other lanthanum series, which
might be caused by the different valence, Pb2.5`, and the
oxygen deficiency (20).

In the stoichiometric pyrochlores (A
2
Ru

2
O

7
, A"Y, Dy,

Gd, Sm, Nd, Pr, Bi, Tl), the A—O distances increase with
increasing ionic radii of the lanthanum ions from Y to Pr,
and the Bi—O distances obtained by the X-ray data are
consistent with those expected from the extrapolation from
Y to Pr. The dashed line, A—O(average), is obtained from the
sum of the ionic radii of lanthanum ions and oxygen ions
and the line is consistent with the A—O(average) plots
determined from the X-ray and neutron diffraction experi-
ments. However, the Tl—O distances significantly deviate
from the values expected from the relation. This indicates
that the ionic radii used for thallium (17) is too short in the
pyrochlore structure and a reasonable value for Tl3`(VIII)
is estimated from this figure to be 1.08—1.09 As .

3.6. Phase Transition at Low Temperatures

To clarify the phase transition for Tl
2
Ru

2
O

7~d at low
temperatures, X-ray diffraction was measured at low tem-
peratures for the samples showing metallic—semiconducting
transition at 120 K (Tl

2
Ru

2
O

7.0
) and 40 K (Tl

2
Ru

2
O

6.96
).

Figure 11 shows the temperature dependence of lattice para-
meters for Tl

2
Ru

2
O

7
and Tl

2
Ru

2
O

6.96
from 10 to 300 K.

A discontinuous change in the lattice parameter curve was
observed for Tl

2
Ru

2
O

7
at the transition temperature. Fig-

ure 12 shows the X-ray diffraction patterns at 290 and
105 K for Tl

2
Ru

2
O

7
. The pattern at 105 K shows small

reflections which are indexed by a cubic cell with the lattice



FIG. 8. Relations between the Ru—O distances, Tl—O(1) distances, Ru—O(1)—Ru angles, and O—Ru—O angles. (a) Tl
2
Ru

2
O

6.71
: high-temperature phase,

metallic; (b) Tl
2
Ru

2
O

6.96
: high-pressure phase, resistivity change around 50 K. (c) Tl

2
Ru

2
O

7
: high-oxygen-pressure phase, metallic—semiconducting

transition at 120 K. (d) Tl
2
Ru

2
O

7
: low-temperature phase, semiconducting.
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FIG. 9. Relations between the Ru—O bond distances and the Ru—O—Ru
angles in A

2
Ru

2
O

7~d. (f) Samples showing metallic property; (C) samples
showing semiconducting property; (e) samples showing metallic—semicon-
ducting transition; Tl(HT), Tl

2
Ru

2
O

6.71
; Tl(LT), Tl

2
Ru

2
O

7
, low-temper-

ature phase; Tl(SG), Tl
2
Ru

2
O

7
, high-pressure phase; Tl(MS), Tl

2
Ru

2
O

7
,

high-oxygen-pressure phase.

FIG. 10. Relations between ionic radii and A—O bond distances. Bond
distances are taken from X-ray (10, 11) (f) and neutron [this study (e); Ref.
(2) (n); and Ref. (18) (K)] diffraction experiments. Straight lines in the
A—O(1) and A—O(2) distances indicate the least-squares fit of the bond
distances from A

2
Ru

2
O

7
(A"Yb—Pr, Y). The dashed line is calculated

from the sum of the ionic radii of A3`(VIII) ions and O2~(IV) ions.

FIG. 11. Temperature dependence of the lattice parameters for
Tl Ru O (C) and Tl Ru O (f).
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parameter, a"10.176 As , similar to that of the room tem-
perature phase. However, no extinction rules were observed.
The transition of the stoichiometric Tl

2
Ru

2
O

7
was first-

order accompanying the symmetry change, which is consis-
tent with the hysteresis observed in the electrical and
magnetic properties at the transition temperature of 120 K.
For the slightly nonstoichiometric Tl

2
Ru

2
O

6.96
, no signifi-

cant anomaly in the lattice parameter curve was observed at
the transition, which is an indication of a higher order
transition.

In the pyrochlore structure, the 16d and 16c sites in space
group Fd31 m, form a three-dimensional network of perfect
corner-sharing tetrahedra. It has been recognized that
a magnetic sublattice with this symmetry will give rise to
fully frustrated interactions in three dimensions if the ex-
change interaction between ions is predominantly antifer-
romagnetic. Behavior related to the spin-glass state has
been reported for Y

2
Mo

2
O

7
(21), Tb

2
Mo

2
O

7
(22), and the

solid solution series, Y
1~x

La
x
Mo

2
O

7
(23). The frustration

behavior of Tl
2
Ru

2
O

7
is the first example in the Ru-con-

taining pyrochlores. A low-temperature neutron diffraction
study is currently underway in order to understand the
metallic—semiconducting transition and the spin frustration
behavior.
2 2 7 2 2 6.96



FIG. 12. X-ray diffraction patterns for Tl
2
Ru

2
O

7
at 105 and 290 K.
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