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A new germanide, SrGes—s (0 = 0.5), was synthesized by the reaction of Sr and Ge mixtures under a pressure
of 5 GPa at 1200 °C. It crystallized in the orthorhombic space group Cmcm (No. 63) with a = 4.0981(6) A,
b=11.159(1) A, ¢ = 12.6825(8) A, V= 580.0(1) A3, and Z = 4. SrGes_, is composed of a Ge covalent network
having a cagelike structure and Sr atoms situated in the cages. Each Ge atom is coordinated by four neighboring
Ge atoms. The coordination polyhedra are fairly distorted from an ideal tetrahedron, and the Ge network contains
vacancies and disordering. The resistivity shows metallic behavior down to 2 K, and the positive thermoelectric
power indicates the dominant carriers to be holes.

Introduction BaxsSiioo and Ba-_xSiss, Which were obtained by reactions
of BaSk and Si at 800C under pressures of 1.5 and 3 GPa,

For the purpose of synthesizing new types of intermetallic respectively’8 Their host networks are composed of large
compounds having interesting structural and/or physical g; cages, and called clathrate compoundss_Biss is

properties, the use of high-pressure and high—temperaturelsotypiC with well-known gas hydrates with the type |

reactions is a promising choice. New materials with unex- structure?1%in which large Sioand Sis cages constitute the
pected features are often obtained in such extreme conditions.; mework by sharing all faces, and contain Ba ions at their

For examplg,anew ge.rmanide, Ladeas been discovered  conters |t should be noted that BiBige is the first

by the reaction of constltue;nt elements under 5 GPa and 12005uperconducting silicide having a Sitspetwork with aT,

°C.! It has a novel germanium network composed of buckled ¢ ¢ g K 6-8 Compounds having large cages filled with
sp® Ge layers. The layers are connected through further Geheavy atoms have recently been considered to be good
atoms between the layers, and form tunnels, where La atomsangigates of new thermoelectric materials. This idea is

are situated. It showed superconductivity with a critical known as the rattling mechanism proposed by Slack, Nolas,
temperaturelc = 7.0 K. et alll!2 Some germanides having the type | clathrate

In the binary Ba-Si system, a new trigonal Bgthase  structure have attracted much attention in light of this
was synthesized at 5.5 GPa and 4002® It showed  jdeall 13

superconductivity with a, of 6.8 K Furthermore, high-
pressure reactions produced two new silicon-rich phases, (5) Fukuoka, H.; Ueno, K.; Yamanaka, $. Organomet. Chen200Q

611, 543-546.
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The results of the LaGe and Ba Si systems suggested
that the high-pressure synthesis was useful for the preparation
of Si/Ge-rich phases. As a matter of fact, no silicide with an
atomic ratio of Si to Ba>2 was obtained by simple melting
methods at ambient pressure. Ba$d been the Si-richest
compound in the binary BaSi system before the clathrate
compounds were discovered. Similarly, only La-rich phases
such as LgGe, LaGe;, La,Ge;, LasGe, LaGe, and LaGe
had been reported before La@Beas obtained? 18

In the present work, we have studied the binary-Ge
system. So far, six Sr-rich compounds;&&, SEGe;, SrGe,
Sh.76Ge, SrGe (trigonal), and SrGg(orthorhombic), have
been found in this systefi.?* To prepare new Ge-rich
phases, we have performed high-pressure and high-temper-
ature reactions using arc-melted samples with Ge: .

Experimental Section

Synthesis Mixtures of flakes of strontium metal (Katayama
Chemical, 99.9%) and germanium (Katayama Chemical, 99.999%)
with different molar ratios of Sr to Ge from 1.5 to 1:6 were
subjected to reaction in an Ar-filled arc furnace. The silver metallic
products obtained were ground in an Ar-filled glovebox, and then
placed into h-BN cells (5 mm inner diameter and 5 mm depth). Figure 1. A crystal structure of SrGe, projected along the axis. Sr
Each cell was put in a carbon tube heater, and was placed in aa_toms are shown as Iarge orange balls. The_ Gel, Ge2, Ge3a, and_ Ge3b
pyrophyllite cube as a pressure medium (2@0 x 20 mn#). The sites are shown as blue, light blue, purple, and light purple balls, respectively.
details of the cell assembly were described elsewh@itee cube
was pressed at 5 GPa in a multianvil assembly and heated at 1200
°C for 30 min, followed by quenching to room temperature.
Characterization. X-ray powder diffraction (XRD) patterns were
measured using a MacScience M18XHF diffractometer with
graphite-monochromated Cwi¢tadiation. The composition of the
obtained germanide was determined on 12 single crystals with an
electron probe microanalyzer, EPMA (JEOL JCMA-733ll). A single
crystal suitable for X-ray single-crystal structure analysis with
dimensions of 0.08x 0.12 x 0.04 mn? was selected, and its
intensity data were collected with a Rigaku R-AXIS imaging plate
area detector using graphite-monochromated Ma#&diation. The
structure was solved using the CrystalStructure crystallographic
software packag®.

(11) Nolas, G. S.; Cohn, J. L.; Slack, G. A.; Schujman, SABpl. Phys.
Lett. 1998 73, 178-180.
(12) Slack G. A. InCRC Handbook of ThermoelectrjdRowe, D. M., et
al., Eds.; CRC: Boca Raton, FL, 1995; p 407.
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M.; Grin, Y.; Steglich FPhys. Re. 2001, B64, 2144041-214404111.
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1973 5-6, 143.
(15) Guloy, A. M.; Corbett, J. Dlnorg. Chem.1991, 30, 4789.
(16) Eremenko, V. N.; Zuong, Q. C.; Buyanov, Y. |.; Kharkova, A. M.
Dopov. Akad. Nauk Ukr. RSR, SeB 1972 34, 819.
(17) Eremenko, V. N.; Zuong, Q. C.; Buyanov, Y. I; Batalin, V. G. Figure 2. A partial structure of SrGe s showing the disorder of the Ge3
Poroshk. Metall. (Kie) 1971, 11, 82. site. The Gel, Ge2, Ge3a, and 3b sites are shown as blue, light blue, purple,

(18) Guloy, A. M.; Corbett, J. Dinorg. Chem.1993 32, 3532. and light purple balls, respectively. The Ge3a and 3b sites are dispersed on
(19) Evers, J.; Oehlinger, G.; Weiss, A. Naturforsch., Teil BL979 34, lines \g/]vavFi)ngpalong tha a>F<)is. y P

524-524.
(20) ZES')’S%TEQE’;?” Schaefer, H.; Turban A Naturforsch., Teil BL974 Physical Properties MeasurementsThe temperature depen-
(21) Betz, A.; Schaefer, H.; Weiss, A. Wulf, R. Naturforsch., Teil B dence of the electrical conductivity was measured by the van der
1968 23, 878. - ) Pauw method in a temperature range from room temperature to
(22) E&E.z, A.; Schaefer, H.; Weiss, &. Naturforsch., Teil BL967, 22 2 K on a disk with 8 mm diameter and 1 mm thickness. The disk
(23) Bruzzone, G.; Franceschi, E. Less-Common Me197§ 57, 201— was sliced from the cylindrical product obtained from the starting
208. mixture with the atomic ratio Sr:Ge= 1:5.5. The thermoelectric

(24) 2'195’39" R.; Zuercher, E. Kristallogr—New Cryst. Structl999 214, power measurement was performed on a bar-shaped sample of

(25) CrystalStructure 2.00: Crystal Structure Analysis Package, Rigaku 1 % 1 X 5_mmg by using the MMR Seebeck effect measurement
and MSC, 2001. system, with a temperature gradient of2 K.
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Table 1. Crystallographic Data and Atomic Parameters of Sr@e

Wyckoff
atom  notation X y z Begq ocp U1 U2 Uss Uiz Uiz Uz
Sr 4c 0 0.29364(9) 0.25 1.34(3) 1.0 0.0096(8) 0.0117(6) 0.0296(5) 0 0 0
Gel g 0.5 0.07654(7) 0.15081(5) 0.94(2) 1.0 0.0103(6) 0.0143(5) 0.0109(3) 0 6-0.0023(4)
Ge2 g 0.5 0.46412(6) 0.09340(5) 1.01(2) 1.0 0.0109(3) 0.0162(5) 0.0114(3) 0 6-0.0026(4)
Ge3a 8 0.5 0.2517(3) 0.0351(3) 0.2(1) 0.29(1)

Gesb 16 0.356(1) 0.2502(3) 0.0242(2) 1.36(9) 0.246(5)

aSpace groutmem(No. 63). Lattice constants = 4.0981 (6) Ajb = 11.159 (1) Ac = 12.6825 (8) AV = 580.0( 1) B, andZ = 4.R/R, (I > 30(l))
= 0.019/0.010 for 7127 reflections (396 unique peaks).

Table 2. Selected Interatomic Distances (A) and Bond Angles (deg) in SiGe

Gel-Gel 2.516(1) GeiGe2 2.510(1) GetGe3a 2.444(4) GeiGe3b 2.585(3)

Ge2-Ge2 2.501(1) Ge2Ge3a 2.483(4) Ge2Ge3b 2.611(3)

Gel-Gel-Ge2 106.86(2) Ge2Gel-Ge2 109.41(4)

Gel-Ge2-Ge2 96.6(6) Ge3aGe2-Ge2 91.4(9)

Band Structure Calculation. Band calculations of SrGavere gallium—germanium covalent netwofR3* In the Eu com-
performed using the WIEN2k package with a general potential pound the framework is composed of tetrahedrally coordi-
LAPW code?® We used for all calculationsyrkmax = 7, Imax = nated Ga/Ge atoms, while the framework of SyGeis

10, andGa= 14; ryr of Sr and Ge is 2.0. composed of Ge atoms only.

Results and Discussion The crystgllographic data and atomic parameterg of
SrGe-; are listed in Tables 1 and 2. There are four Ge sites,
Synthesis and Structure of SrGe-s. The arc-melted  Gel, Ge2, Ge3a, and Ge3b, which are assigned in Figure 1.
products were found to be mixtures of orthorhombic SrGe |n the structure of EuG&e, Ga and Ge atoms are not
and Ge. The mixtures changed into a new germanide by thedistributed in different sites, but occupy three sites, Ga/Gel1,
high-pressure treatment of 5 GPa at 1200 We obtained  Ga/Ge2, and Ga/Ge3, together. The Ga/Ge3 site in the Eu
ingots of the new germanide which contained a small amount compound corresponds to the Ge3a site in $r&&he Ge3b
of Ge because of the Ge defect structure of this compoundsite of SrGe_; is split off from the Ge3a site, and yields a
as discussed below. Single crystals of the new germanidedisordered structure. The thermal vibrational parameters for
with silver metallic luster were obtained from a crashed ingot these two disordering sites were refined isotropically in the
prepared from the mixture of Sr:Ge 1:5.5. The new  structure refinement. A local structure of SkGgis shown
germanide crystallized in the orthorhombic space group in Figure 2 to show the disordering. The Ge3a and 3b sites
Cmcm(No. 63) witha = 4.0981(6) A,b = 11.159(1) A, are arranged in waves running along thexis. Hereafter,

c = 12.6825(8) A,v = 580.0(1) R, andZ = 4. The  we use the term “Ge3 sites/atoms” to designate the Ge3a
composition of the germanide determined on 12 single and 3b sites/atoms together.

crystals by EPMA ranged from 5.43 to 5.86. This finding  The Ge3a and 3b sites are too close to each other as shown
suggested that the germanide was a nonstoichiometricj, Figure 2 to be occupied at the same time. If the
compound having Ge vacancies. The formula of this gccupational parameters of these sites fulfill the condition
compound is, therefore, described as St this Article. of ocp(Ge3a)t+ 2(ocp(Ge3b))= 1.0, the Ge3 site is fully

We can easily keep compositions of reaction systems by occupied. We refined these occupational parameters without
the high-pressure technique. The technique is, therefore, good,sing any constraint, and obtained results showing about 70%
for the preparation of compounds containing highly volatile and 75% of Ge atoms on the Ge3a and 3b sites were vacant,
components such as alkali, alkaline-earth, and rare-earthrespectively. Therefore, the Ge host network includes Ge
elements, sulfur, and bromine. In our previous studies, newyacancies. The value @ in SrGe_s was calculated to be
compounds were obtained by this technique in silicide, g.44 from the refined occupational parameters. This com-
sulfide, and halide systems. Some of them are polymorphsposition is in good agreement with the result of EPMA.
having denser structure than known compounds «SrS  giryctural Comparison with Other Binary Ger-
HfNB),?"**and some have new compositions quite different aniges The structure of SrGes is compared with those

from those of the known phases; Ce>¢aGe, and of LaGe and SrGe in Figure 3. The three structures are
Bag_«Siys are tetrel element rich phask%’2°SrGe_; is the

Ge-richest pha_se in the blnary—SBe_gystem, and high- (26) WIEN2k: Blaha P.; Schwarz K.; Madsen, G. K. H.; Kvasnicka, D.;
pressure and high-temperature conditions successfully pro-  Luitz, J. An Augmented Plane Wave Local Orbitals Program for

duced the Ge-rich phase as in the-@e and BaSi Calc_u'latin_g Crystal Properties, Karlheinz Schwarz, Technische Uni-
versitd Wien, Austria, 2001.
systems. (27) Fukuoka, H.; Suga, R.; Komaguchi, K.; Yamanaka, S.; Shiotani, M.
The structure of SrGe; is shown in Figure 1. It has a Inorg. Chem 2004 43, 5780-5784.

(28) Yamanaka, S.; Itoh, K.; Fukuoka, H.; Yasukawa, Ikbrg. Chem
cage structure composed of a Ge covalent framework. Sr™ " 200q 39, 806-809.

atoms are situated in open spaces running parallel to theggg gukuokjl, S';gfmfnaléa' Dg.rr:em. ,\I;letttZOz%% 33131323;_)4;1235375.

H H ryan, J. D] Uucky, G. em. Mater 2 .
_aa_‘XIS' E.ach'Sr atom IS_Surrounded by 14 Ge atom;. SiGe (31) C.-Cabrera, W.; Paschen, S.; Grin, J.Alloys Compd2002 333,
is isotypic with a europium compound, Eu&sae, having a 4-12.
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Figure 3. Comparison of the structures of Ge layers in three germanides, (a)L&3&rGe-s, and (c) SrGg Yellow and orange balls show La and Sr
atoms, respectively. The rest are Ge atoms. The layer of 4 &Gemposed of six-membered Ge rings with boat-type style only. The layer i, 8Ge
composed of the rings with a chair-type conformation. The $r&Skyers have a mediated structure including boat- and chair-tygeiGss.

15
O
o°°
1 500°°
§ 0°°
O
< o0
@)
e 05 oo°
(@)
O
oY
0
0 100 200 300

Temperature / K

Figure 5. Temperature dependence of the electrical resistivity of §§Ge
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Figure 4. Local structures around the three Ge sites. Those of the Gel )
and Ge2 sites are presented in (a) and (b), respectively. For the Ge3a site, 20 i?”@
two extreme cases of coordinations are shown in (c) and (d) due to the L 1
disorder. - ]

< 1) & 5
closely related to each other because all the structures can 2
be characterized by Ge sublayers composed of Ge six- @ 10 & 1
membered rings with large cations sandwiched between the ]
layers. It should be noted that these structures are different St ]
in the conformation of the rings. In Figure 3 intra- and ]
interlaygr Ge-Ge bonds are drawn as thick and thin bonds, 00 100 200 300 400 500 600
respectively. The Ge sublayers in LaG®e composed of TIK

six-membered rings in the boat conformation. In contrast, Figure 6. Temperature dependence of the thermoelectric power ofs3rGe

the rings of SrGg have the chair conformation. The Ge Measured from 500 to 90 K.

sublayer of SrGg is an intermediate one; six-membered

rings in chair and boat conformations are alternately con- probably suggest that the interlayer Ge sites are relatively

nected in the layer. unstable, and feel more structural stress than the intralayer
The Ge sublayers of LaGeand SrGg ;s are connected  Ge sites.

via further Ge atoms and form three-dimensional Ge Local Structure of SrGes—s. Figure 4 shows the local

networks with large open spaces, in which largéfiart structures around the three different Ge sites. The Gel atom

cations reside. The interlayer Ge atoms in both structuresis bonded with one Gel atom, two Ge2 atoms, and one

seem to have special structural features. In rie¢he Ge disordered Ge3 atom as shown in Figure 4a. Bond distances

vacancies and disorder are observed only for the interlayerof 2.516 and 2.510 A are observed for Ge&del and Get

Ge sites. In LaGethe interlayer Ge atoms have a higher Ge2 bonds, respectively. These are comparable to the Ge

coordination number of 8 and much longer-8ge bond Ge distances of 2.4772.591 A observed in BaGeipo

distances than the Ge atoms in the layers. These observationslathrate compound, which is composed of §@2° 22 The
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Figure 7. Total (a) and partial (b) DOS of SrGeThe Fermi level (0 eV) is shown by broken lines. In the partial DO 5Ge-%ta, and Ge-pra are
presented as red, black, and blue lines, respectively.

Ge—Ge distances in germanides are usually longer than thosecandidates for new types of thermoelectric materials. Al-
of the diamond Ge, because Ge becomes somehow negativéhough SrGe s has such a cage structure, its thermoelectric
due to electron donation from its countercations. Since the power is not high enough for thermoelectric applications.
value of the Ge-Ge distance in the diamond Ge is 2.44 A, To examine the electrical structure of this compound, we
the bond distance of 2.444 A for GeGe3a is quite short  performed the band structure calculation. Though the com-
for germanides. In contrast, the distance of 2.585 A for the pound is nonstoichiometric, calculations of the density of
Gel-Ge3b bond is a typical value in germanides. The fact state (DOS) were performed on the stoichiometric SrGe
that the Ge3a site is too close to the Gel site is possibly onehaving no Ge disorder. The Sr, Gel, Ge2, and Ge3a sites
reason the Ge3 site shows disorder. were used in the calculation. The resulting DOS diagrams
The Ge2 atom is bonded with two Gel atoms, one Ge?2 are presented in Figure 7.
atom, and one Ge3 atom as shown in Figure 4b. The In the model structure, all Ge atoms fulfill the octet rule
coordination polyhedron around the Ge2 site is not a even if no electrons are doped by Sr atoms, because each
tetrahedron but almost a trigonal pyramid. Bond angles of Ge atom has four covalent bonds with neighboring Ge atoms.
Gel-Ge2-Ge2 and Ge3aGe2-Ge?2 are 96.6and 91.4, The total DOS diagram in Figure 7 shows that Sy@ea
respectively. The Ge2 atom is situated almost on the planemetal. A region where the density of state is low can be
defined by the Get1Gel-Ge3 atoms. The bond distances seen at aroune-1.5 eV in the diagram, which corresponds
around the Ge2 atom are in the range 2-48%11 A. to the top of the valence band composed predominantly of
The Ge3a atom is tetrahedrally coordinated with one Gel Ge 3p orbitals. When the composition of the sample is
atom, one Ge2 atom, and two Ge3 atoms. Two typical casesSIGe& s Which was the composition determined by the single-
of local coordination structures around the Ge3a sites arecrystal X-ray analysis, the electron counting for this com-
shown in Figure 4c,d. The Ge3&e3a bond distance of pound is approximately in the following manner. Each Sr
2.235 A is too short for the GeGe bonding. The displace- atom donates two electrons to the Ge network, whereas one
ment of some Ge atoms from the Ge3a site to the Ge3b siteGe vacancy consumes four electrons to form four lone pairs
yields longer Ge3aGe3b bonds with a distance of 2.746 of neighboring four Ge atoms. Hence, almost all the electrons
A. The structural tension around the Ge3a site is, there-from Sr atoms are consumed by the 0.5 Ge vacancy per Sr
fore, relieved by this displacement. This structural misfit atom. If the rigid band model is assumed, the Fermi level of
of the Ge3a site is probably a main cause of the Ge SrGeswould be actually close to the position-atl.5 eV.
disordering. This is possibly a reason Sr&edid not show good
Transport and Thermoelectric Properties of SrGese. conductivity.
The electrical resistivity of SrGg decreased with decreasing
temperature as shown in Figure 5. The residual resistivity
was 0.28 nf2 cm, and the resistivity ratip(300 K);p(2 K) High-pressure and high-temperature reactions of Sa6e
was approximately 4. The resistivity curve of Skg&vas  Ge yielded a new binary germanide, SgGe which is the
quite similar to that of isotypic EuG&e.*® The Eu  Ge-richest phase in the SGe system. It is composed of a
compound showed resistivities of 0.7 and 0.22mm at  Ge covalent network having a cagelike structure. Srions are
300 and 2 K, respectively. situated in the cages. The network has a Ge sublayers
The positive thermoelectric power shown in Figure 6 composed of six-membered rings with chair and boat
indicates that the charge carriers are primarily holes. The conformations, and is composed of four-bonded Ge atoms
thermoelectric power of 13V/K at room temperature is  with Ge—Ge—Ge angles fairly distorted from the ideal
much smaller than that of 40V/K for EuGaGe.%° Ac- tetrahedral one. Probably due to the strain by the distortion,
cording to the rattling mechanism or the concept known as the germanide was nonstoichiometric, and contained Ge
“phonon glass electron crystals” by Slack et al., compounds vacancies. SrGe; showed a metallic behavior from room
having large cages filled with heavy atoms can be promising temperatured 2 K aspredicted by the band calculation. The

Concluding Remarks
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positive thermoelectric power indicates that charge carriers Research (13CE2002) of the Ministry of Education, Culture,
are predominantly holes in this compound. Sports, Science, and Technology of Japan.
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