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Abstract

We performed single-crystal structure analysis of two ternary samarium platinum germanides
SmPtGe, and Sm,Pt;Ges. SmPtGe; crystallizes in the space group (S.G.) Immm (No. 71) with a =
4.3679(9) A, b=18.728(2) A, ¢ = 16.378(4) A, and V = 624.4(2) A°. This compound is isotypic with
YIrGe, having a Ge;oPts subunit composed of edge-sharing five- and six-membered rings. SmPtGe,
shows a metallic conductivity from room temperature down to 2 K. The magnetic susceptibility
measurement showed a 3+ oxidation state for the samarium. Sm,Pt;Ges crystallizes in the S.G. Ibam
(No. 72) with @ = 10.174(1) A, b=11.761(2) A, ¢ = 6.2142(8) A, and V' = 743.6(2) A’. It is isotypic

with U,CosSis with a structure closely related to ThCr,Sis.
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1. Introduction

Binary germanides of electropositive elements, such as alkali, alkaline earth, and rare earth
metals, show various networks composed of Ge—Ge covalent bonds. Such networks are usually
composed of three- and four-bonded Ge atoms. The network in LaGe, with the a—ThSi, structure
contains only three-bonded trigonal Ge atoms [1]. BagGess with the type I clathrate structure and
SrGeg-s contain three- and four-bonded tetragonal Ge atoms [2-4]. Recently, eight-bonded Ge atoms
were found in LnGes (Ln = La, Ce, Pr, Nd, and Sm) [5, 6]. The structural diversity of binary
germanides is mainly due to this structural flexibility of germanium atoms.

In ternary germanide systems, the addition of coin metals and platinum is interesting in terms of
the structural diversity. These metals can participate in the Ge networks in two ways. First, they take
specific coordination forms that can be distinguished clearly from those of Ge.
Platinum—germanium skutterudite compounds such as BaPt4Ge;, are examples of such cases [7, §].
In BaPt4Ge)», each platinum atom is octahedrally coordinated by six Ge atoms. On the other hand,
Ge atoms can form Gey units with a rectangular shape. The difference in the structural environments
of Pt and Ge is obvious in this compound. Recently, BaPtsGe,; and its related compounds, APt4Ge»
(A =Sr, La, Pr, and Th), have attracted much attention owing to their superconductivity [7-10].

The second example, coin and platinum metals can substitute Ge sites to form combined
frameworks, as seen in BagM¢Geso (M = Pt, Au, Ag, and Cu) [11]. In these compounds, each M
atom is tetrahedrally coordinated by four Ge atoms having similar tetrahedral coordinations. This
structure can be understood as a derivative of the imaginary BagGess; Pt atoms substitute six Ge
atoms per one unit cell and participate in the Ge covalent network [11]. APt;Ge, type compounds
with the ThCr,Si, and LaPt,Ge, structures are other examples [12, 13]. Pt and Ge atoms occupy
different sites, but their chemical environments are similar. They combine to form host networks.

Based on this perspective, structural studies of ternary germanides of platinum metals are an
interesting theme in germanide chemistry. In this study, we have investigated the reactions of the
Sm-Pt—Ge ternary system using high-pressure techniques and a simple arc-melting method.
Reflecting the structural flexibility mentioned above, many ternary compounds have been reported
in this system. SmPtGe crystallizes in two forms: the YPdSi and TiNiSi structures [14]. SmPt,Ge,
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forms the o—ThSi, and AlB, structures, and when x < 0.25, it forms the o—ThSi, structure [15].
SmPt,Ge; has two crystal forms, LaPt,Ge, (monoclinic) and CaBe,Ge; (orthorhombic) types, which
are derivatives of the ThCr,Si, structure [16]. SmPtGe, and Sm,Pt;Ges have been reported to
crystallize in the YIrGe, and U,Co3Ges structures, respectively, although the structural analysis has
yet to be performed for these compounds [17, 18]. In this study, we successfully obtained single

crystals of SmPtGe, and Sm,Pt;Ges and performed single crystal structural analysis.

2. Experimental

Mixtures of Sm, Pt, and Ge with various atomic ratios were melted in an Ar-filled arc furnace.
The purity of all chemicals used was greater than 99.9%. Products were characterized by powder
XRD measurements performed on a Burker D8 Advance diffractometer with Cu Ka radiation.

High-pressure and -temperature reactions were performed using Kawai-type 6-8 cells at 10 to 13
GPa. We placed starting mixtures of SmGe, and Ge with appropriate ratios into h-BN containers.
The container was then placed in an octahedral-shaped MgO cell and reacted in a Kawai-type
high-pressure system. The details of such high-pressure techniques are described elsewhere [19].

Single-crystal X-ray analysis was performed using a Rigaku R-AXIS diffractometer equipped
with an imaging plate area detector with graphite-monochromated MoKa radiation. Single-crystal
structure analysis was performed using the SHELX-97 crystallographic software package [20], and
an empirical absorption correction was applied. The structure was solved by direct methods and
expanded using Fourier techniques.

Chemical compositions of the products were determined using an electron probe microanalyzer
(EPMA) (JEOL JCMA-733). Electrical resistivity was measured on a specimen with dimensions of
0.5 x 0.8 x 1. mm’ by a typical four-probe method using DC from 2 to 300 K. Magnetic
susceptibility measurements were performed using a SQUID magnetometer (Quantum Design

MPMS-5) in a 5000-Oe field.

3. Results and discussion
3.1. Structure, electrical and magnetic properties of SmPtGe;
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SmPtGe, was obtained by arc-melting of an Sm:Pt:Ge = 1:1:2 mixture. It was however difficult
to obtain single crystals suitable for the structure analysis. Although high-pressure conditions are
not necessary for the synthesis of this compound, good single crystals of SmPtGe, could be
obtained by reaction at 13 GPa and 1200°C from an Sm:Pt:Ge = 1:1:3 mixture. The excess amount
of Ge probably acted as a good flux for the crystal growth of SmPtGe,. A dark gray single crystal
with dimensions of 0.02 x 0.02 x 0.04 mm’ was used for structure analysis. Crystallographic data,
atomic parameters, and atomic displacement parameters are listed in Tables 1, 2, and 3.

SmPtGe; crystallizes in the space group (S.G.) Immm with lattice constants a = 4.3679(9) A, b =
8.728(2) A, ¢ = 16.378(4) A, and V = 624.4(2) A’. The composition of the compound analyzed by
EPMA was Sm:Pt:Ge = 1:1:2. The crystal structure of SmPtGe; is shown in Fig. 1. The structure
contains three crystallographically independent Ge sites. One is four-bonded Ge (Gel site) and two
are three-bonded Ge (Ge2 and Ge3 sites). Ge—Ge distances are in the range from 2.439(5) to
2.620(3) A. All Pt atoms are in equivalent sites and each Pt atom is coordinated by five Ge atoms
with distances of 2.4808(9), 2.486(2), and 2.510(1) A. No Pt-Pt bond exists in the network.

There are two samarium sites (Sm1 and Sm2). The local structures around them are shown in Fig.
2. The Sm1 atom is sandwiched between two five-membered rings and is surrounded by 14 Ge and
Pt atoms with distances of 3.019(1) to 3.254(1) A. On the other hand, the Sm2 atom is sandwiched
between two six-membered rings and surrounded by 12 Ge and Pt atoms with distances of 3.270(1)
to 3.2738(7) A.

The structure can be easily understood using the subunit Ge;oPts (see Fig. 1), as pointed out by
Francois et al. about isotypic YIrGe, [17]. This planar subunit contains two six-membered and two
five-membered rings sharing their Ge2—-Ge2 and Ge3—Ge3 edges. These units are mutually
connected by sharing those edges to form [GegPts].. blocks. The blocks are connected to one
another by bonds between Ge2 and Pt atoms to form the entire structure with large spaces where
Sm ions are situated.

We observed large thermal displacement parameters U;; for the Ge2 and Ge3 atoms (Table 3).
Especially, the Uj; of Ge2 (0.054(2)) is fairly large, and the thermal ellipsoid of Ge2 is elongated

along the a-axis (Fig. 2(b)). These Ge atoms are on the shared-edges of [GesPt4]. blocks, indicating
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that the flat formation of the [GegPts]. block is unstable and the six-membered rings in the unit tend
to be puckered.

The electrical resistivity of SmPtGe, in the range from 2 to 300 K is shown in Fig. 3. The
measurement was performed using an SmPtGe, sample obtained by arc-melting an Sm:Pt:Ge =
1:1:2 mixture. The resistivity decreases with temperature, indicating that it is metallic. Magnetic
susceptibility measurement was also performed using the same arc-melted sample. The temperature
dependence of the magnetic susceptibility of SmPtGe, does not obey the Curie-Weiss law (Fig. 4),
possibly because of the first- and second-order Zeeman effects of Sm®”. A small anomaly observed
at 11 K is most likely due to an impurity. When discussing the temperature dependence of the
magnetic susceptibility of Sm®" (°H term of f*), the first- and second-order Zeeman effect for the J =
5/2 and 7/2 states should be considered. Below room temperature, the high-order terms of the

theoretical equation can be ignored, and we can approximate it by the following equation:

Naps’/ 3k {4.286 / T+ 14.694 k / A+ (85.841 / T +3.281 k /1 ) exp(—7\/ 2kT) }

(D) Ymar (T) =
6 + 8 exp(—=7\ 2kT)

where Nu is Avogadro’s number, pg is the Bohr magneton, k is the Boltzmann constant, and A is the
spin-orbit coupling constant [21]. The second term corresponds to the well-known temperature
independent paramagnetism or Van Vleck paramagnetism. The theoretical magnetic susceptibility
derived from Equation (1) with A =236 cm™' is shown in Fig. 4. Although the experimental data did
not show a perfect correspondence to theoretical data, the tendency is very similar. The observed
effective magnetic moment at room temperature is 1.58 ug, which is well corresponding to the

theoretical value for Sm>* (1.55 UB).

3.2. Structure of SmyPt;Ges

Single crystals of Sm,Pt;Ges were obtained from a mixture of Sm:Pt:Ge = 1:1:3. The mixture
was allowed to react under a pressure of 13 GPa. The temperature was maintained at 1000°C for 1
hour and then decreased from 1000 to 850°C over 1 hour, followed by quenching at room
temperature. After cooling, the pressure was slowly released. The composition analyzed by EPMA

is Sm:Pt:Ge = 2:3:5. A dark gray single crystal with dimensions 0.01 x 0.01 x 0.02 mm® was used
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for the structure analysis. Crystallographic data, atomic parameters, and atomic displacement
parameters are listed in Tables 1, 4, and 5.

Sm,Pt;Ges is isotypic with the U,CosSis structure. Kurenbaeva et al. reported synthesis and
lattice constants of SmPt; 75Ge; 25 with the U,CosSis structure, though the structural details were not
reported [18]. Our compound is isotypic with SmPt; 75Ge, s, but the composition differs. This
alteration is probably due to the difference in the preparation conditions. (Their sample was
prepared by arc-melting followed by annealing at 597°C in quartz ampoule.)

The crystal structure of SmyPt;Ges is shown in Fig. 5. It is closely related to the ThCr,Si, and
BaAlj structures. The network is composed of crystallographically independent two-Pt and three-Ge
sites. Each Pt1 and Pt2 atom is coordinated by six and five Ge atoms, respectively. The Gel atom is
coordinated by four Pt2 atoms. On the other hand, the Ge2 and Ge3 atoms have five-fold
coordination with three Pt and two Ge atoms. There is no Pt — Pt bond as in SmPtGe,. Each Sm
atom has 14 neighboring atoms (10 Ge and 4 Pt) with distances of 3.016(2) to 3.391(2) A.

The chemical surroundings around Pt2 and Ge3 are very similar. The bond between these atoms
has the shortest Pt-Ge distance (2.412(2) A). The other Pt-Ge distances are observed in the range
from 2.485(1) to 2.536(1) A. There is only one Ge-Ge distance (Ge2-Ge3 2.640(2) A), which is
much longer than the Ge — Pt distances in spite of the similarity of their covalent radii (1.30 (Pt) and
1.22 (Ge) A). This difference is probably due to the electronegativity of these elements. In
germanides, host networks have the net negative charge donated from guest cations. The charge is
distributed on host atoms according to their electronegativity. Because germanium is more
electronegative than platinum in germanides, the effective radii of Ge becomes larger than that of Pt.

This phenomenon is often observed for ternary platinum germanides.

4. Conclusions

Single crystals of SmPtGe, and Sm,Pt;Ges were prepared with the aid of high-pressure reaction
techniques. SmPtGe, crystallizes in the YIrGe, structure and contains a subunit Ge;oPts; composed
of edge-sharing five- and six-membered rings. We confirmed the oxidation state of Sm®" by the

magnetic susceptibility measurement. SmPtGe, shows metallic properties. Sm,Pt;Ges has the
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U,Co05Si5 structure.
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Table 2
Atomic and Equivalent Isotropic Atomic Displacement Parameters of SmPtGe,

Atom X y z U.,/A?
Sml 0 0 0.20309 (7)  0.0052(3)
Sm2 0 0.2414(1) 0 0.0076(3)
Pt 12 0.25149(7) 0.14882(4)  0.0059(2)
Gel 0 0.3499(2) 0.1979(1)  0.0060(4)
Ge2 12 12 0.0747(2)  0.0217(7)
Ge3 12 0 0.0745(1)  0.0081(5)

Table 3

Anisotropic Atomic Displacement Parameters Ul-j/A2 of SmPtGe,

Atom Uy U, Us; Us; U Ui

Sml 0.0068(5)  0.0032(5) 0.0055(5) 0
Sm2 0.0066(5)  0.0088(5) 0.0074(5) 0
Pt 0.0074(3)  0.0040(3)  0.0063(3) —0.0003(2)
Gel 0.0038(7)  0.0049(7)  0.0093(8) —0.0014(6)
Ge2 0.054(2) 0.0042(11) 0.0072(13) 0
Ge3 0.0163(12)  0.0035(10) 0.0045(11) 0

S O O O O O
S O O O O O
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Table 4

Atomic and Equivalent Isotropic Atomic Displacement Parameters of Sm,Pt;Ges

Atom X y z Ueq/A2

Sm 0.27028(9) —0.13103(7) 0 0.0082(2)

Ptl 0 0 1/4 0.0121(3)

Pt2 0.11114(7) —0.36152(5) 0 0.0068(2)

Gel 0 1/2 1/4 0.0067(5)

Ge2 0 0.2275(2) 3/4 0.0079(4)

Ge3 0.1549(2) 0.1052(2) 0 0.0105(4)

Table 5
Anisotropic Atomic Displacement Parameters Ul-,-/A2 of Sm,Pt;Ges
Atom Ui Uz Us;s Uz Uis U

Sm 0.0117(5) 0.0077(4)  0.0053(4) 0 0 —0.0003(3)
Ptl 0.0143(5) 0.0124(5) 0.0095(5) 0 0 0
Pt2 0.0100(4) 0.0077(3)  0.0028(3) 0 0 —0.0001(2)
Gel 0.0121(12) 0.0062(11) 0.0017(10) O 0 0
Ge2 0.0122(9) 0.0081(8) 0.0034(8) 0 0.0016(6) 0
Ge3 0.0110(9) 0.0108(9) 0.0098(9) 0 0 —0.0002(7)
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Figure captions.
Fig. 1 Crystal structure of SmPtGe, shown as a ball and stick diagram. The gray and orange filled
circles represent Pt and Sm, respectively. The Ge;oPts subunit is seen in a ring. Local

structures around three Ge sites are also presented.

Fig. 2 Local structure around the (a) Sml and (b) Sm2 sites shown in ellipsoid models (99%
probability).

Fig. 3 Temperature dependence of the electrical resistivity of SmPtGe, measured by the DC
four-probe method from 300 to 2 K.

Fig. 4 Temperature dependence of the magnetic susceptibility of SmPtGe,. The solid line shows
the theoretical values calculated using Equation (1).

Fig. 5 A ball and stick representation of the structure for Sm,Pt;Ges.
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Figure 1
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Figure 3
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