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Abstract

Single crystals of the thallium ruthenium pyrochlore have been grown by flux method under high oxygen pressure. The growth
conditions were determined by direct observations using in situ powder X-ray diffraction (XRD) method under high pressure and high
temperature. The crystals were grown using NaCIl-K Cl flux at 1350 °C and B,O; flux at 1150 °C. High growth temperature of 1350 °C for
the NaCl-KCl flux caused Pt contamination from the crucible and oxygen deficiency for the crystals obtained. The crystal growth using
B,0; flux proceeded at lower temperature by grain growth with material transfer through B,O3. The crystal obtained was characterized
by single-crystal XRD method, and was found to have a stoichiometric composition, TILRu,O7_s (6 = 0), with a structural phase
transition around 120 K. The grain growth technique with B,O; is efficient for high-temperature single-crystal growth under high

pressure.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The ruthenium pyrochlores 4>,Ru,O; exhibit a wide
range of physical properties. For instance, Bi,Ru,0; and
Pb,Ru,0¢ s show metallic and Pauli paramagnetic with low
electrical resistivities of 107> Qcm at room temperature
[1,2]. While Ln,Ru,O; (Ln = Pr-Lu) and Y,Ru,O; are
semiconducting [3]. TI,Ru,07_s shows a metallic—insulator
transition (M-I transition) around 120 K [4]. The electronic
structures of Bi,Ru,0;, Y,Ru,0; and Pb,Ru,0¢ s have
been investigated by XPS, UPS and HREELS [5-7] and by
the pseudofunction method [8]. The unoccupied Pb or Bi
6p states are close to Er and play an important role in the
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metallic conductivity by mixing with the Ru 4d state via the
framework oxygen.

The thallium pyrochlore, TI,Ru,05, was first synthesized
by Sleight and Bouchard [9] under a pressure of 0.3 GPa
and showed metallic properties. Takeda et al. [10] reported
that the properties of the thallium ruthenium pyrochlore
depended on oxygen content ¢ in Tl,Ru,07_s. TI,Ru,07_5
showed the M-I transition with a decrease in the magnetic
susceptibility at 120K for 6 = 0, metallic—-semiconductor
transition and spin-glass-like behavior for 6 = 0.04, and
metallic and paramagnetic behavior for 6 = 0.29 [10,11].
The relationships among the composition and electrical
and magnetic properties were clarified by the study using
polycrystalline pyrochlore samples. Neutron powder dif-
fraction results indicated that a structural transition from
cubic to orthorhombic lattice with the Ru and TI sites
located over two sites [12] accompanied the M-I transition.
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On the other hand, Sakai et al. [13] reported that no
splitting of TI site was observed below the M-I transition
temperature by TI-NMR measurements. The relationships
between the structure and M-I transition are not clarified
by the study using polycrystalline pyrochlore samples,
therefore the detailed the mechanism of M-I transition are
not still clear. The study based on single crystal is essential
to clarify the mechanism of M-I transition. It is, however,
difficult to grow single crystals of Tl;Ru,0; pyrochlore,
because the material has high melting point and is insoluble
in water and any acids. In addition, the oxygen content ¢ in
TILRu,05_5 is sensitive to the preparation condition and
the stoichiometric composition (0 = 0) cannot be obtained
under ambient pressure. To solve these problems, the
growth of single crystal of TI,Ru,O; pyrochlore is
necessary under high pressure.

High-pressure synthesis has many features, as fields of
material preparation can widely extend by an addition to
experimental parameter. The method is necessary to
prepare high-pressure phase, a useful tool to handle
materials having high vapor pressures, and possible to
control the redox atmosphere or high oxygen pressure
using oxidizing and reducing agents. However, high-
pressure synthesis is not conventionally used for single-
crystal growth. Because the reaction process cannot be
observed, in situ investigations of phase relationship under
high pressure and high temperature are difficult, and this
also makes it difficult to optimize the experimental
conditions suitable for crystal growth.

In the present study, in situ synchrotron X-ray diffrac-
tion (XRD) methods have been used to investigate phase
relationship at high pressure and high temperature. Based
on the direct observations of the reaction process between
TI,Ru,05 and flux materials, single crystals of TI,Ru,O-
pyrochlore were grown at 2-3 GPa.

2. Experimental

The starting materials were Tl,03 (Wako, 99.9%) and
RuO, (Sumitomo Metal Mining). These were weighed and
mixed with KCI, NaCl and B,Oj3 used as the flux agent, and
KCIO4 and NaClO4 used as oxidization agent. KCIO,4 and
NaClO,4 decompose and produce oxygen pressure at high
temperature, and then they work as flux agent.

In situ XRD under high pressure was measured by
synchrotron X-ray on beam-line 14B1 at SPring-8, Japan
Synchrotron Radiation Research Institute. In the case of (i)
NaCl-KCl flux, T1,03, RuO,, KClO4 and NaClO4 weighed
and mixed at the molar ratio of 1.0:2.0:0.5:0.5. In the case
of (i1) B,O5 flux, T1,03, RuO,, B,O; and KClO,4 weighed
and mixed at the molar ratio of 1.0:2.0:0.5:0.5. The
mixtures of about 0.25g were sealed platinum capsule (¢
4mm x 7mm). The measurements were performed by
means of energy dispersive method using conventional
cubic anvil-type high-pressure apparatus installed at beam-
line 14B1. White beam X-ray was used to irradiate the
sample through the high-pressure cell and was detected

with a Ge solid-state detector fixed at 20x4°. The XRD
patterns under high pressure were collected at various
temperatures. The sample was pressed at room temperature
and then heated stepwise.

Single crystals of TI,Ru,0; pyrochlore were grown at 2
or 3 GPa using a cubic-type high-pressure apparatus. In the
case of (i) NaCI-KCl flux, T1,O3;, RuO, and KCI, KCIO4
and NaCl weighed and mixed at the molar ratio of
1.0:2.0:0.5:0.5:1.0. The molar ratio of flux and oxidization
agent was different from that used in synchrotron XRD
measurement because oxygen pressure was controlled to
avoid blowing out. The molar ratio of potassium and
sodium were fixed at 1.0:1.0, a difference of the amount of
oxidization agent was a matter of small importance. The
mixture about 3.7 g was pressed at 10 MPa and sealed in
platinum capsule (¢ 10mm x 12mm). In the case of (ii)
B203 ﬂux, T1203, Ru02 and B203, KC104 Welghed and
mixed at the molar ratio of 1.0:2.0:0.5:0.5. The mixture
about 3.4 g was pressed at 10 MPa and sealed in platinum
capsule (¢ 10mm x 12 mm).

XRD data of a single crystal of Tl,Ru,O; pyrochlore
was collected by Rigaku R-AXIS Rapid diffractometer
with Imaging-Plate (IP)-type detector using MoKo radia-
tion at room temperature. Black and octahedral-shaped
single crystal of about 0.07 mm in radius was used for the
intensity data collection. Cell dimensions were determined
using 7891 reflections with a range around 20=x140°. A
total of 6875 reflections were observed within the limit of
20~90°, including averaged 250 independent reflections
(Rint = 6.45%). X-ray data collection, cell refinement
and data reduction were performed using RAPID-AUTO
[14]. Absorption correction was made using the
program NUMABS [15]. Extinction correction and refine-
ment of structural parameters were performed using
SHELXL-97 [16] in Win-GX [17]. An oscillation photo-
graph was taken by the above described IP-type diffract-
ometer at 123 K.

The magnetic susceptibilities were measured in an
external magnetic field of 1000 Oe from 5 to 300 K using
SQUID magnetometer (Quantum Design, MPMSXL).

3. Results and discussion

3.1. In situ X-ray diffraction measurements under high
pressure

Synchrotron XRD was measured from ambient tem-
perature to 1673K at 2 and 3GPa. Fig. 1 shows the
diffraction patterns for the thallium ruthenium pyrochlore
with (i) NaCl-KClI flux at 2GPa and (ii)) B,O3 flux at
3GPa. The extra reflections were observed due to the
characteristic radiation of lead (PbKa,, Ko;) used as a
beam stopper at 72.9 and 75.1keV, and platinum (PtKa,,
Ko;) used as the capsule at 65.1 and 66.8 keV. A break in
slope near 78 keV corresponded to the absorption edge of
Pt. The diffraction patterns at the bottom in both Fig. 1(a)
and (b) were taken at room temperature and ambient
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Fig. 1. Synchrotron XRD patterns for TI,Ru,0; at various temperatures
(a) using NaCl-KCl flux at 2 GPa and (b) B,O; flux at 3 GPa.

pressure. The reflections taken under high pressure and at
room temperature shifted to the high-energy side, these
shifts attributed to lattice contraction under pressure.

Another characteristic feature of the patterns at 2-3 GPa
is peak broadening, which might be due to lattice strain
and/or small particle size of the powders crushed by high
pressure. The patterns observed under high pressure and at
room temperature could still be identified as being the
starting materials.

For the sample using flux (i) shown in Fig. 1(a), the
reflections from starting materials, T1,03;, RuO,, were
observed below 600 °C. The peaks shifted slightly to the
low-energy side with heating. The reaction started at
700°C, and then single-phase Tl,Ru,O; pyrochlore ob-
served above 800 °C. T1,Ru,0; melted at 1350 °C, indicat-
ing that single crystals of Tl,Ru,O; pyrochlore could be
synthesized by slow cooling from 1350 °C at 2 GPa.

For the flux (ii) shown in Fig. 1(b), the reaction started
around 600 °C, and the single-phase TI;Ru,0; pyrochlore
was observed above 800 °C. As the sample was heated the
reflections from TI,Ru,O; pyrochlore shifted to the low-
energy side as in the case of (i). The reflections of TI,Ru,04
pyrochlore were still observed at 1400 °C and Tl,Ru,05
pyrochlore was not melted. However, the recovered sample
contained single crystals of Tl,Ru,O; pyrochlore. These
suggest that single-crystal growth is not by way of the
melting process as in the case of the NaCl-KCl flux. It is
assumed that the single-crystal growth was a result of the
grain growth with B,Oj3 at lower temperature than that of
the NaCIl-KCl flux.

3.2. Single-crystal growth

Single crystals of TI,Ru,O; were grown using the
NaCl-KCI flux and the B,O; flux. For the NaCl-KCl
flux, the mixture was heated up to 1320 °C in 30 min, held
this temperature for 10min, and then cooled slowly to
1200 °C for 15h at 2 GPa in a sealed platinum capsule. The
sample was then cooled to room temperature in 8§ h. The
reaction products were a mixture of single crystals of
octahedral shape with black and metallic luster
(T1,Ru,07_s), single crystals with transparent and orange
color (K,PtCly), and powders with auburn color (K,PtCly).
The black and octahedral-shaped single crystals were
obtained with the size of about 0.3 x 0.3 x 0.3 mm?. The
crystals were determined to be the thallium pyrochlore by
powder XRD measurements. However, the magnetic
susceptibility for the single crystals showed no anomaly
around 120K [10], which is the same behavior of the
thallium pyrochlore with oxygen deficiency, Tl,Ru,07_;
[10]. Longer heating periods and higher heating tempera-
ture caused oxygen deficiency, and no stoichiometric
composition could be obtained using the NaCIl-KCl flux.
The crystals with orange color and the powders with
auburn color were identified as K,PtCl, by powder XRD
measurements, indicating that the reaction of Pt—Pt*"
proceeded in the reaction vessel together with the single-
crystal formation of the pyrochlore. The oxidation reaction
of platinum may explain the oxygen deficiency in
TI,Ru,07_; single crystal.
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The single crystals were then grown with the B,O5 flux.
In situ XRD measurements under high pressure indicated
that the crystal growth in the B,O5 flux proceeded without
complete melting of the pyrochlore at lower temperature
than the growth from the complete melting at 1350 °C in
the NaCl-KCl flux. The sample were heated up to 1150 °C
in 30 min, then held this temperature for 20 h and cooled to
room temperature for 8h under 2GPa. The flux was
washed away by water and dilute hydrochloric acid. Single
crystals of Tl,Ru,O; were obtained with octahedral shapes
and had dimensions of about 0.1 x 0.1 x 0.1 mm®. Single
crystals of Tl,Ru,O; pyrochlore obtained at the center of
the crucible showed no Pt contamination by EDX
measurements. Fig. 2 shows the SEM photograph of the
single crystal of TI,Ru,O;.

The structure refinement was carried out using XRD for
the single-crystal specimen about 0.07 x 0.07 x 0.07 mm?>
with the space group Fd3m (A-227-2) and the pyrochlore
structure model, Tl at 164 (1/2, 1/2, 1/2), Ru at 16¢ (0, 0, 0)
and O(1) at 48f (x, 1/8, 1/8) with x ~ 0.32, and O(2) at 8b
(3/8, 3/8, 3/8). All the site occupation parameters were fixed
at the value of starting composition. In the final refinement,
a total of 11 parameters including anisotropic atomic
displacement parameter of individual elements were
refined. The final R factor was 2.10%. The largest residual
Fourier peak and hole for final refinement were 1.22 and
—1.34¢/A%. The crystallographic data, data collection
parameters and the refinement results are summarized in
Table 1. The structure analysis confirmed the pyrochlore
structure.

Fig. 3 shows the X-ray oscillation photograph of the
single crystal taken at 123K. Some extra reflections
appeared in addition to the reflections observed at ambient
temperature. These reflections were not satisfied the
reflection conditions of space group Fd3m (A-227-2), hkl:
h+k=2n, h+1=2n and k+1=2n. The single crystals
obtained by the B,O5 flux showed the structural transition

JEOL
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Fig. 2. SEM photograph of a single crystal of TI,Ru,O pyrochlore.

Table 1

Summary of experimental and crystallographic data for Tl,Ru,O-,
Chemical formula T1L,Ru,0,

Space group Fd3m

Lattice parameter a (A) 10.2145(19)

V(A% 1065.7(3)

VA 8

Calculated density (g/cm?) 9.011

Crystal size (mm) Octahedral, 0.07 x 0.07 x 0.07
Maximum 20 (deg.) ~90

Number of measured reflections 6875

Number of unique reflections 250

R factor (%) 2.10

Ry, factor (%)
Weighting scheme

5.584

1/[o*(F2)+ (0.0155P)* + 0.0000P]
where P = (F2+2F2)/3

Number of refined parameters 11

Goodness of fit 0.618

Fig. 3. Oscillation photograph taken at 123K, showing forbidden
reflections in space group Fd3m.

Table 2
Interatomic distances and bond angles for Tl,Ru,O pyrochlore
Sample feature Single crystal Powder [10]
Bond distance d/A
Ru-O 1.967(3) 1.9586(18)
TI-O(1) 2.531(6) 2.530(3)
TI-0(2) 2.2115(4) 2.2054(1)
Bond angles 6/°
Ru-O-Ru 133.3(5) 133.7(2)
TI-O(1)-Tl 91.0(3) 90.78(15)
O(1)-Ru-O(1) 95.4(3) 95.09(17)

and has stoichiometric composition. The structure study of
low-temperature phase is currently underway. Table 2
summarizes the selected bond distances and angles together
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Fig. 4. Relationship between the Ru-O distances and Ru-O(1)-Ru
angles: (a) TI,Ru,O¢7;: high-temperature phase, metallic [11]; (b)
TLL,Ru,06.05: high-pressure phase, resistivity change around 50 K [10]; (c)
TL,Ru,O7: high oxygen pressure phase, metallic-insulator transition
around 120K [10]; (d) TI,Ru,O5: low-temperature phase, semiconducting
[11] and (e) T,Ru,O5 single crystal obtained in this study: growing under
high oxygen pressure.

with those reported for Tl,Ru,O7_s determined by neutron
diffraction methods. The distances observed for the single
crystal are consistent with those obtained by the powder
diffraction data [10]. Fig. 4 shows the relationship between
the bond distances and the bond angles obtained both from
powder and single-crystal samples. In the neutron diffrac-
tion measurements on powdered samples, Ru—O(1) dis-
tance increases, Ru—O(1)-Ru angle decreases, and the
TI-O(1) distance decreases with increasing oxygen con-
tents. The Ru—O(1)-Ru angle decreased with increasing
Ru-O(1) distance, which indicates small B—-O—B overlap
integrals in the pyrochlore structure. The single crystal
obtained in the present study showed smaller Ru—O(1)-Ru
angle and larger Ru—O(1) distance, which are indications of
the stoichiometric oxygen composition.

In the present study, we showed that the flux method
using B,O3; was quite efficient to grow single crystals at
high-pressure and high-temperature conditions. Single-
crystal growth under high pressure was previously studied
from the melts of the target materials. For example, single-
crystal growth and direct observation of the growth
conditions under high pressure were reported for the phase
transition to high-pressure phase of (VO),P,O; [18] and
congruent melting of GaN [19]. However, high melting
points of the thallium pyrochlore in the present study
caused a reaction between the crucible and the sample,
which made it difficult to control the oxygen content.
Lower growth temperatures using B,O; flux made the
single crystals having the stoichiometric compositions with
no contamination from the crucible. The in situ XRD
measurements under high pressure clarified the grain
growth mechanism without complete melting of the
pyrochlore. This method is efficient for single-crystal

growth under high pressure for the samples with high
melting points.

4. Conclusion

The growth conditions of the pyrochlore, Tl,Ru,0,
were determined by in situ XRD study under high pressure.
Our in situ observation was quite efficient to clarify the
single-crystal formation process under high oxygen pres-
sure and high temperatures. Two types of growth mechan-
isms were revealed: crystal growth from the melt, and the
grain growth. However, high growth temperature of the
former technique caused Pt contamination and oxygen
deficiency in the pyrochlore. On the other hand, partially
melting on the pyrochlore grain in the B,O; flux causes
grain growth, leading to the single-crystal formation.
Obtained single crystal of Tl,Ru,0; was confirmed to be
stoichiometric by the structural phase transition. We could
successfully indicate the new grain-growth technique to
synthesize single crystals with high melting point under
high oxygen pressure and high temperature conditions.
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