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Abstract

The solid solutions of barium containing Type I clathrate, Bag_;Siss_Ge, (0<x<23) were prepared under high-pressure and
high-temperature conditions of 3 GPa at 800°C. All the solid solutions showed superconductivity, and the transition temperature
(T.) decreased from 8.0 to 2.0 K as the germanium content increased from x = 0 to 23 in Bag_sSiss_Ge,. The single crystals with
five different compositions were obtained and the structures, compositions, and site occupancies were determined from X-ray single-
crystal analysis. A slight barium deficiency was observed at Bal (2a) sites for all the clathrates. The Ge atoms replaced the Si atoms
at the Si3 (24k) site in the composition range of x <8, and then at the Si2 (16i) site. The crystals had a slight deficiency in the covalent
(Si, Ge) network and the deficiency increased with the increase of the Ge content.

© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Since the discovery of superconductivity in Ba
containing silicon clathrate compounds, (Na,Ba),Siyg,
with a transition temperature (7) of about 4K [1,2],
much interest has been renewed to the Type I silicon
clathrate compounds. The first Type I silicon clathrate
compound NagSiye was prepared from the thermal
decomposition of NaSi by Kasper et al. [3.4]. The
superconducting clathrate compounds were prepared by
a similar thermal decomposition of the solid solutions
between BaSi, and NaSi [1,2]. The Type I silicon
clathrate is composed of face-sharing Si,y dodecahedra
(@Si,) and Si,, tetrakaidecahedra (@Si,4) as shown in
Fig. 1 [3,4]. The sodium and barium atoms in
(Na,Ba),Siyse are located in these polyhedra. Recently,
we have succeeded in the synthesis of a binary silicon
clathrate Bag_;Sisq by the reaction of BaSi, and Si under
high-pressure and high-temperature (HPHT) conditions
of 3 GPa and 800°C [5]. The compound showed super-
conductivity with 7. = 8.0 K. Theoretical studies of the
electronic structure of this clathrate showed that Ba 54
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states strongly hybridized with the Sisg host lattice states
giving a sharp band near the Fermi level (Ef) [6-10].
The existence of such a sharp band was observed in the
measurement of ultrahigh-resolution photoemission
spectroscopy of Bag_sSise [11].

In contrast to the superconducting Bag_;Sisze, a
germanium analogue BagGey; has Ge vacancies at the
6¢ sites [12,13], and is reported to be a semiconductor
[12,13]. The remarkable difference in electrical proper-
ties between the silicon and germanium analogs is an
interesting issue of the clathrate system. The formation
of one vacancy in the framework may trap four
electrons to form lone pairs on the four neighboring
atoms of the vacancy. The electron carrier density,
therefore, decreases and this would be the reason
for the non-metallic properties of the germanium
clathrate.

In the present study, we have prepared the solid
solutions of Bag_sSise_Ge, (0<x<23) to investi-
gate the effect of the Ge substitution in the Si frame-
work on the superconducting properties. Some ternary
single crystals have been obtained, and the X-ray
single-crystal studies have been made. The super-
conductivity is discussed in relation with the composi-
tion.
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Fig. 1. Crystal structure of Bag_sSiys Type I clathrate. Only the
polyhedra for the front face are shown. Small open and black solid
balls represent Si and Ba atoms, respectively. The numbers 1, 2, and 3
in the open balls represent Sil(6¢), Si2(16i), and Si3(24k) sites,
respectively. The Ba 2a and 6d sites are located at the centers of Siy
dodecahedra (@Siyo) and Siy, tetrakaidecahedra ((@Sia4), respectively.

2. Experimental
2.1. Preparation of clathrate compounds

Silicon (Katayama Chemical 99.9%) blocks and
barium metal (Katayama Chemical 99%) were mixed
in an atomic ratio of 2:1, and arc-melted under Ar
atmosphere to obtain barium disilicide BaSi,. BaGe,
were prepared in a similar way from a mixture of Ba and
Ge (Katayama Chemical 99.999%). Polycrystalline
samples of Bag_sSise_,Ge, (0<x<27) were prepared
from the mixtures of BaSi,, BaGe,, Si and Ge powders
with different compositions. The mixtures were placed
in h-BN cells (5mm inner diameter and 5 mm length) in
an Ar-filled glove box. Each BN cell was in turn placed
in a carbon tube heater and packed in a pyrophyllite
cube as pressure media. The cell was first compressed
under a pressure of 3 GPa, and heated up to 800°C for
1 min. After standing at 800°C for 30 min, the cell was
quickly cooled down to room temperature. Polycrystal-
line samples with silver metallic luster were obtained.
These samples are hereafter called BagSiye_Ge,
(0<x<27) by their nominal compositions of the
starting mixtures, although they may contain slight
deficiencies on the Ba as well as (Si,Ge) sites.

2.2. Preparation of single crystals

Single crystals of the Ba-Si—Ge ternary clathrate
compounds with different compositions were prepared

using HPHT conditions. BaSi,, BaGe,, Si, and Ge
powders were mixed in such a way that the nominal
atomic ratios were BagSisGes, BagSiz;Gey, and
BagSi;;Geys. Each mixture was placed in an h-BN cell
(2.5mm inner diameter and 6.5mm length) in an Ar-
filled glove box. The mixture was compressed under a
pressure of 3GPa and was heated up to 1000°C for
2min, and then slowly cooled down to 700°C in 3h,
followed by quenching to room temperature. Single
crystals with the Type I clathrate structure were
obtained in association with small amounts of BaSi,
and/or BaGe,. The compositions of the single crystals
were determined in the X-ray structure refinements.

Single crystals of Bag_;Siss were also prepared from a
stoichiometric mixture of BaSi, and Si powder. The
mixture was heated up to 1300°C for 2min and then
slowly cooled down to 800°C under a pressure of 3 GPa.
Single crystals of BagGey; were prepared using an arc
furnace; germanium (Katayama Chemical 99.999%)
and barium (Katayama Chemical 99%) were mixed in
an atomic ratio of 8:43, and arc-melted under Ar
atmosphere.

2.3. Characterization

All the polycrystalline clathrate samples were char-
acterized by using a powder X-ray diffractometer (Mac
Science, M18XHF) with graphite monochromated
CuKuo radiation. Temperature dependence of the mag-
netic susceptibilities was measured using a SQUID
magnetometer (Quantum Design MPMS-5) under a
field of 50e on zero field-cooled (ZFC) samples.

2.4. Structure analysis of single crystals

Single-crystal X-ray diffraction (XRD) data were
collected with a Rigaku AFC7R diffractometer and a
Rigaku RAXIS imaging plate area detector with
monochromated MoKu radiation. Rigaku TeXsan [14]
and CrystalStructure crystallographic software package
[15] were used in the structure refinement. The clathrate
compounds crystallize in a cubic space group Pm-3n,
and there are three crystallographically independent
sites for Si atoms, Sil(6¢), Si2(16i), and Si3(24k) as
shown in Fig. 1.

In order to estimate the way of substitution of the Si
sites with Ge, the structure refinement of the ternary
clathrate compounds was performed in the following
way. At first, a random-substitution model was
assumed, in which all Si sites were randomly substituted
with Ge atoms. In the refinement of the occupational
factor of Ge atoms at each Si site, it was revealed that
the single crystals with nominal compositions of
BagSi, Ges and BagSi3;;Geg had the Ge substitution
only at the 24k sites. A similar refinement made on the
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single crystal BagSi;;Ge;s suggested that the Ge atoms
substituted Si atoms on the 16/ as well as the 24k sites.

In the next refinement, site deficiencies were exam-
ined, since the Ba containing binary Si clathrate BagSiyg
had Ba deficiency on the 2a site, and BagGeys; had Ge
defects on the 6¢ site. When the occupational factors of
the 2a and 6¢ sites were refined for the three ternary
clathrates, the existence of deficiencies on both sites
was suggested. Therefore, in the final refinement of
BagSi; Ges and BagSi3;Geo, all parameters, including
occupational parameters of the Bal, Sil, Si3, and Ge3
sites, were refined together. In case of BagSi3 Ge;s, all
parameters including occupational parameters of the
Bal, Sil, Si2, Si3, Ge2, and Ge3 sites, were refined
together. We calculated the compositions from the
refined occupational factors and obtained the composi-
tions of Ba7A7Si42,7Ge3,1, Ba7_7Si39.3G66.4, and B'd7A9
Si333Gejp for crystals obtained from the nominal
compositions of BagSiy; Ges, BagSiz;Gey, and BagSis Ge;s,
respectively.

The compositions of the single crystals were also
determined using an electron probe microanalyzer. The
compositions of the single crystals, Bay;Siys 7Ge; | and
Ba7.gsi33.3G612.0 were determined to be Ba7.zsi42_oGe4_0
and Ba;¢Si3; 9Gejs g, respectively. The two composi-
tions obtained by the different methods are comparable
within the accuracy of the analysis.

The crystal structure analysis of the single crystals
BagSiys and BagGeys were performed and the composi-
tions of Ba;¢Siys and BagGey, g were obtained, respec-
tively. The crystal structure of the germanium clathrate
had already analyzed by Cabrera et al. [12,13]. They
reported there was no deficiency on the barium sites.
Cabrera et al. also reported a site splitting for Ge3 site,
i.e. the Ge3 position split into two near sites. In our
refinement, we examined the splitting structure model as

Table 1

well as the no-splitting model. The splitting model with
23 parameters gave the R=3.21%, Ry, =2.36%, S
(goodness of fit)=2.211, and residual densities of
1.36/—1.1461&73, which showed no remarkable change
from the results of no-splitting model with 16 para-
meters, R =3.69%, Ry, =2.58%, S =2.397, and
1.51/—1.31 e A3, 1t is reasonable to conclude that our
crystal did not show the clear splitting of the Ge3 site,
because the splitting model did not improve the
refinement considerably, even with a larger number of
structure parameters used. The composition and the
structural parameters obtained in this study were in
good agreement with their results except for the splitting
sites. This difference of the structure would be due to the
difference of the synthesis methods. While we prepared
the crystal using an arc furnace, they obtained the
crystal by the decomposition of Ba3;Ge,C, at 1123 K
under a pressure of 40 kb.

Crystallographic data for these five single crystals are
listed in Table 1. Atomic parameters and thermal
vibrational parameters are listed in Tables 2 and 3.
Selected bond distances are shown in Table 4.

3. Results and discussion
3.1. Solid solutions BagSiss_Ge, and superconductivity

The powder XRD patterns of the typical ternary
polycrystalline clathrate samples are shown in Fig. 2.
The solid solutions of BagSiss_Ge, clathrates were
obtained as single phases in the composition range of
0<x<15. In the range of higher germanium contents
x>18, weak reflection peaks due to silicon were
observed as shown in Figs. 2d and e. The amounts of
the Si impurity were estimated to be less than 3 wt% in

Crystallographic data for clathrate single crystals with five different compositions

Pm-3n (No.223)

Formula Bay ¢Sise Bay 7Sis.,Ges Bas 7Si39.3Geg 4 Ba; 4Si333Gern0 BagGey;

Space group

a A 10.331(2) 10.325(3) 10.3525(4) 10.4130(5) 10.660(2)

N 1102.8(2) 1100.6(4) 1109.52(6) 1129.09(9) 1212.0(4)

Crystal size (mm) 0.10 x 0.10 x 0.05 0.20 x 0.15 % 0.05 0.25 % 0.05x0.05 0.15x0.10x 0.15 0.15x0.10 x 0.03
Diffractometer Rigaku AFC 7R Rigaku Rapid- Rigaku Rapid- Rigaku Rapid- Rigaku AFC 7R

Auto IP system

Radiation (graphite MoKz 0.7107 A
monochromated)

Collection region (260 limit) 4<20<110 20<54.8

No. of used reflections 480 201

No. of variable parameters 16 18

R, R, 0.023, 0.014 0.021, 0.009
Residual density® (e A% 0.69/—0.65 1.44/—0.95

Auto IP system

Auto IP system

20<54.8 20<54.8 4<20<100
214 186 335

18 19 16

0.015, 0.008 0.015, 0.013 0.037, 0.026
0.61/—0.68 0.60/—0.86 1.51/—1.31

“R(Fy) = S(I|Fo| = |Fell)/ S1Fol, Ru(Fo) = [Dw(Fo| = |Fel)?/ S wE2] " (w = 1/a(F,)?).

®The highest and lowest residual electrons of the final difference Fourier map.
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Table 2

Atomic parameters for clathrate single crystals with five different compositions with standard deviations in parentheses

Atom Site X y z Beg (A2) Ocp.
Bay Sise

Bal 2a 0 0 0 0.851(2) 0.804(2)
Ba2 6d 0.25 0.5 0 1.353(4) 1

Sil 6¢ 0.25 0 0.5 0.94(1)

Si2 16i 0.18491(5) 0.18491 0.18491 0.807(2) 1

Si3 24k 0 0.30623(8) 0.12142(7) 0.88(1) 1

Bay ;Sis 7Ges )

Bal 2a 0 0 0 1.46(2) 0.856(5)
Ba2 6d 0.25 0.5 0 1.75(3) 1

Sil 6¢ 0.25 0 0.5 1.18(7) 0.963(7)
Si2 16i 0.18501(8) 0.18501 0.18501 1.10(1) 1

Si3 24k 0 0.3081(1) 0.1229(1) 1.35(3) 0.872(4)
Ge3 24k 0 0.3081 0.1229 1.35 0.128
Bay ;5139 3Geg 4

Bal 2a 0 0 0 1.14(1) 0.862(2)
Ba2 6d 0.25 0.5 0 1.73(1) 1

Sil 6¢ 0.25 0 0.5 1.29(5) 0.955(6)
Si2 16i 0.18478(6) 0.18478 0.18478 0.74(1) 1

Si3 24k 0 0.31146(7) 0.12329(7) 1.32(2) 0.734(2)
Ge3 24k 0 0.31146 0.12329 1.32 0.266
Bay Siz33Ge)a0

Bal 2a 0 0 0 1.29(1) 0.936(5)
Ba2 6d 0.25 0.5 0 2.26(1) 1

Sil 6¢ 0.25 0 0.5 1.48(5) 0.880(8)
Si2 16i 0.18510(6) 0.18510 0.18510 1.30(2) 0.912(2)
Ge2 16i 0.18510 0.18510 0.18510 1.30 0.088
Si3 24k 0 0.31439(7) 0.12370(6) 1.78(2) 0.560(4)
Ge3 24k 0 0.31439 0.12370 1.78 0.440
BagGC43

Bal 2a 0 0 0 1.121(5) 1

Ba2 6d 0.25 0.5 0 2.61(2) 1

Gel 6¢ 0.25 0 0.5 1.13(5) 0.473(8)
Ge2 16i 0.18373(6) 0.18373 0.18373 1.331(3) 1

Ge3 24k 0 0.3195(1) 0.1213(1) 2.33(2) 1

these samples and the deviation of the composition from
the nominal one must be very small. The lattice constant
increased with the increase of the germanium content as
shown in Fig. 3. The increase of the lattice constant with
x is due to the larger covalent radius of germanium than
that of silicon. Fig. 4 shows the temperature dependence
of the magnetic susceptibility of the solid solutions. All
the samples with x <23 showed magnetic transitions due
to the onset of superconductivity. The transition
temperature (7.) decreased with the increase of Ge
substitution as shown in Fig. 3 together with the change
of the lattice constant.

3.2. Single-crystal structures

The single crystals of the solid solutions were not
obtained as a single phase, but associated with small
amounts of BaSi, and/or BaGe,. The composition of
each single crystal was determined by the refinements of

the X-ray structural analysis. The plots of the lattice
constants vs. compositions x obtained for the single
crystals are given in Fig. 3. As can be seen, the plots fall
on the curve for the powder solid solutions. It would be
reasonable to conclude that the structures of the solid
solutions are very similar to the structures of single
crystals if the compositions or the lattice constants are
the same. The host structure of the Type I silicon
clathrate is constructed of Siyy and Siy cages. The Si
atoms of the Si,y cage are on the Si2(167) and Si3(24k)
sites. The Si atoms on the Sil(6¢) sites are not included
in the Si,o cages, but bridge Si, cages. The Bal(2a) and
the Ba2(6d) sites are at the center of the Siyg and Siyy
cages, respectively.

The site distributions of the elements in the unit cell of
the clathrate solid solutions were calculated on the basis
of the data given in Table 2, and shown as schematic
diagrams in Fig. 5. The distributions of Si and Ge atoms
in the network (Sil, Si2, and Si3 sites) and Ba atoms in
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Table 3
Thermal vibrational parameters for clathrate single crystals with five different compositions with standard deviations in parentheses
Atom Uy U Us; Uy, Uiz Usz
Bay ¢Sise
Bal 0.0108(2) 0.0108 0.0108 0.0 0.0 0.0
Ba2 0.0163(2) 0.0176(2) 0.0176 0.0 0.0 0.0
Sil 0.0107(4) 0.0107 0.0141(7) 0.0 0.0 0.0
Si2 0.0102(1) 0.0102 0.0102 —0.0004(2) —0.0004 —0.0004
Si3 0.0134(3) 0.0098(3) 0.0103(3) 0.0 0.0 0.0000(3)
Bay 7Sis.7Ges
Bal 0.0185(5) 0.0185 0.0185 0.0 0.0 0.0
Ba2 0.0215(5) 0.0225(3) 0.0225 0.0 0.0 0.0
Sil 0.010(1) 0.010 0.026(2) 0.0 0.0 0.0
Si2 0.0139(4) 0.0139 0.0139 0.0005(5) 0.0005 0.0005
Si3(Ge3) 0.0130(7) 0.0187(7) 0.0196(8) 0.0 0.0 0.0020(7)
Bay ;Siz93Geg 4
Bal 0.0144(4) 0.0144 0.0144 0.0 0.0 0.0
Ba2 0.0198(4) 0.0229(3) 0.0229 0.0 0.0 0.0
Sil 0.009(1) 0.009 0.031(2) 0.0 0.0 0.0
Si2 0.0093(3) 0.0093 0.0093 0.0006(3) 0.0006 0.0006
Si3(Ge3) 0.0098(5) 0.0221(5) 0.0181(5) 0.0 0.0 0.0040(4)
Ba;Siz3.3Gerno
Bal 0.0164(3) 0.0164 0.0164 0.0 0.0 0.0
Ba2 0.0236(4) 0.0311(3) 0.0311 0.0 0.0 0.0
Sil 0.014(1) 0.014 0.028(2) 0.0 0.0 0.0
Si2(Ge2) 0.0165(4) 0.0165 0.0165 —0.0004(3) —0.0004 —0.0004
Si3(Ge3) 0.0154(4) 0.0295(5) 0.0228(4) 0.0 0.0 0.0049(3)
BagGe43
Bal 0.0142(3) 0.0142 0.0142 0.0 0.0 0.0
Ba2 0.0211(7) 0.0390(6) 0.0390 0.0 0.0 0.0
Gel 0.017(2) 0.013 0.013(3) 0.0 0.0 0.0
Ge2 0.0169(2) 0.0169 0.0169 —0.0025(3) —0.0025 —0.0025
Ge3 0.0169(5) 0.0410(7) 0.0306(6) 0.0 0.0 0.0168(6)
Table 4
Selected and average bond distances (A) of the clathrate single crystals with five different compositions

Bay 6Sigs Bay ;Sig.,Ges Bay 7Si39.3Geg 4 Ba; 6Si333Gein BagGeys g

Si2-Si2 2.330(2) 2.324(3) 2.339(2) 2.341(2) Ge2-Ge2 2.447(2)
Si3-Si3 2.509(1) 2.539(2) 2.553(1) 2.576(1) Ge3-Ge3 2.587(3)
Si2-Si3 2.3772(5) 2.382(1) 2.405(1) 2.436(1) Ge2-Ge3 2.5253(9)
Sil-Si3 2.4024(7) 2.377(1) 2.352(1) 2.338(1) Gel-Ge3 2.363(1)
Silget 2.402 2.377 2.352 2.338 Gel,.=2.363
Si2avet 2.365 2.368 2.389 2.412 Ge2,ve=2.506
Si3,.e" 2.416 2.420 2.429 2.447 Ge3,v.=2.500
Bal b 3.366 3.379 3.406 3.446 Bal,,.=3.543
Ba2,..” 3.7124 3.706 3.710 3.726 Ba2,,.=3.8104

# Averaged Si-Si distances of each Si site.
® Averaged Ba-Si distances of each Ba site.

the cages (Bal and Ba?2 sites) are shown separately. Each
partition in the bars corresponds to the five crystal-
lographically independent sites and the length represents
the number of atoms occupying on each site in a unit
cell. The hatched areas in the 24k and 16i sites show
the distribution of substituted Ge atoms. It is clearly

shown that in the early stage of Ge substitution, Ge
atoms predominantly substitute Si atoms on the
Si3(24k) sites. After half of the Si3 sites are replaced
with Ge atoms, the additional Ge atoms occupy the
Si2(16i) sites. The Sil (6¢) site was not substituted with
Ge atoms.
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Fig. 2. Powder XRD patterns for the solid solutions of BagSiss_,Ge,.
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Fig. 3. The lattice constant (O) and the 7, ( x ) of the solid solutions
as a function of Ge content x in BagSiss_Ge,. The lattice constants vs.
the compositions determined by the refinements using the single
crystals (*) are shown together in the same figure.

In the clathrate structure, each silicon site is
tetrahedrally bonded to four (Si, Ge) atoms. The
average value of the four bond distances can be a
measure of the size of each Si site at the center of the
tetrahedron. The average bond distances of the three
kinds of Si sites are shown in Table 4. The average Ba—
Si(Ge) bond distances in the dodecahedral (Bal,,.) and
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Fig. 5. Populations of Si, Ge, and Ba atoms in the unit cell of the five
single crystals with different compositions. The hatched area show the
distribution of Ge atoms in the Si sites.

tetrakaidecahedral (Ba2,,.) cages are similarly calcu-
lated, and given in Table 4. The site preference of Ge
atoms appears to be related to the size of the Si sites.
The Si3 site is the largest among the three kinds of Si
sites in Ba; ¢Sigs, and could be preferentially replaced by
Ge atoms. The distances of the Si3—Si3 and Si2-Si3 of
bonds shown in Table 4 increased monotonically with
the increase of Ge content, while the distance of the Si2—
Si2 bonds which are not concerned with the formation
of the dodecahedral cages showed essentially no change
from the value of Ba; ¢Siss. These findings are consistent
with the fact that the substitution of Ge occurs on the
Si3 (24k) site first. As can be seen from Fig. 3, the lattice
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constants of the solid solutions were almost constant in
the composition range of x < 10, and then increased with
increase of Ge content. This finding may reflect the shift
of the Ge substitution sites from the 24k to 161 sites.

Two different types of defects were observed on the
Sil(6¢) and Bal(2a) sites. The defect of Si atoms was
observed only on the Sil(6¢) site. The one end member
of the system BagGes» g had ca. 50% deficiency in the
Gel(6¢) sites. Note that the bond length of Sil-Si3
decreased with the increase of the Ge substitution, and
the bond length of Gel-Ge3 was shorter than that of
Si1-Si3 in BagSiys. This decrease would be explained in
terms of the formation of defects on the 6¢ site. Ba; ¢Siye
and Bay;Sis 7Ges had no or very small amount of
vacancies on the Sil site and, therefore, the Gel-Ge3
distance was smaller than the Sil-Si3 distances in these
compounds. On the other hand, Ba;;Sizg;Geg4 and
Ba; ¢Siz3 3Ges o had the shorter Sil-Si3 distances than
that in BagGey, g since they had many vacancies on the
Sil site compared to Bay;Sis 7Ges ;.

All the crystals except for BagGesrs had a Ba
deficiency on the Bal(2a) site. The amount of Ba
deficiency decreased with the increase of Ge contents.
The reason of the formation of the defect on the Bal site
is not known. One possible reason would be related with
the large atomic radius of Ba. The Si,o cages in Type I
structure appear to be tight for large Ba atoms (Table 4).
This estimation will be supported by the fact that the
sodium containing clathrate can be prepared under an
ambient pressure but the binary barium clathrate can be
obtained only by using HTHP conditions. The defi-
ciency of Bal(2a) site decreased with the increase of Ge
content and in BagGey, g there is no defect on the site.
This is due to the expansion of the Si,, cages by the Ge
substitution.

3.3. Superconductivity

The T, gradually decreased from 8.0 K for Ba; ¢Siyg to
2.2K for Bag_sSi»3;Ge,; with the increase of the Ge
content. The effects of the Ge substitution on the
clathrate structure are: (i) to increase of the lattice
constant, (ii) to increase of the deficiency at the Sil sites,
and (iii) to introduce conduction electron scattering
centers. We have recently found that the Ba deficiency of
Bag_;Siye increased at the Bal sites upon evacuation at
elevated temperatures, and the 7, decreased from 8 K
for Ba;7¢Siss to 6K for BaggsSige [16]. The solid
solutions of the ternary system studied in this paper
have essentially the same Ba occupancy irrespective of
the Ge substitution, although there is a slight Ba
deficiency in all of the solid solutions. The barium
deficiency is not the reason of the decrease of the 7, of
the solid solutions. In the early stages of the Ge
substitution of x< 13 in Bag_;Siss_Ge,, the formation
of the deficiency at the Sil sites is negligible, although

the T, decreases linearly with x. This will be caused by
the effects (i) and (ii1). Yokoya et al. [11] showed that the
superconductivity of Bag_;Siys was driven by a phonon-
mediated mechanism. The increase of the lattice
constant, i.e. the increase of the covalent bond distances
in the network will depress the phonon—electron
interaction to form Cooper-pairs. The superconductivity
disappeared for the compounds with x>24 in the
measured temperature range down to 2 K. This will be
probably due to the increased deficiency in the (Si, Ge)
network at the Sil sites. The defects at the Sil sites will
trap the conduction electrons and interrupt the conduc-
tion path of electrons. The end member BagGey, g of this
system is a semiconductor.

4. Conclusion

Germanium substituted Type I silicon clathrates
Bag_sSise_Ge, (x<23) were prepared using high-
pressure and high-temperature conditions. The clath-
rates formed uniform solid solutions, and the lattice
constant increased with the increase of the Ge content.
All the solid solutions showed superconductivity, and
the T, decreased with the increase of the Ge content.
The single-crystal studies revealed the structural effects
of the Ge substitution on the bond Ilengths, site
occupancies, and deficiencies in the solid solutions.
The structural refinements showed that Ge atoms
replaced the Si atoms at the Si3(24k) sites in the early
stages of the substitution, and then at the Si2(16i) sites.
The decrease of T, appears to be caused by the Ge
substitution as the effects of the increase of the bond
length, the introduction of the conduction electron
scattering centers, and the increase of the defects at the
Sil (6¢) sites.
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