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The ternary stannides RE3Ru4Sn;3 (RE = La, Ce, Pr, Nd) were obtained by arc-melting of the el-
ements. The polycrystalline samples were characterized by powder X-ray diffraction. The structures
of three compounds were refined from single-crystal diffractometer data: YbsRhySnj3 type, Pm3n,
a=977.74(3) pm, wR2 = 0.0379, 280 F?2 values for La3RusSn;3, a = 971.34(9) pm, wR2 = 0.0333,
274 F? values for Ce3Ru4Sn;3, a = 970.68(8) pm, wR2 = 0.0262, 272 F? values for Nd3RusSn;3
with 13 variables per refinement. The structures consist of three-dimensional networks of condensed
RuSng, trigonal prisms with the RE (CN 16) and Sn2 (CN 12) atoms in two different types of
cavities of the networks. The two crystallographically independent tin sites have been resolved by
1198 Massbauer spectroscopy. Temperature-dependent magnetic susceptibility measurements of
CesRuySny3 gave a reduced magnetic moment of 2.32 g per Ce atom, indicating intermediate
cerium valence. No magnetic ordering was evident down to 3 K.
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Introduction

Filled skutterudites RET4Pn, (RE = rare earth ele-
ment, T = transition metal; Pn = pnictide) have been
in the focus of solid-state research for thirty years.
They exhibt highly interesting physical properties such
as ferromagnetism, superconductivity, Kondo insula-
tor or non-Fermi liquid behavior, or heavy-fermion
states. Most of the recent systematic research on such
skutterudites focused on their excellent thermoelectric
properties. For an overview we refer to a review article
by Sales [1]. The use of the materials for thermoelec-
tric applications is directly related to a structural pecu-
liarity. The rare earth atoms fill larger cages (Wyckoff
site 2a) within a network of condensed, tilted T Png /2
octahedra and show enhanced displacement parame-
ters (rattling of the rare earth atoms) which strongly
reduces the thermal conductivity.

Similar structural features occur in the structure
types LaRuSnj [2] and Yb3Rh4Sn3 [3]. The two struc-
ture types, space groups Pm3n, just differ in the occu-
pancy of the 2a Wyckoff sites, i. e. rare earth atoms
in the LaRuSn3 but tin atoms in the Yb3zRh4Sn;3
type. The transition metal atoms have trigonal pris-
matic tin coordination and one observes a three-

dimensional network of condensed, tilted 7'Sng > trig-
onal prisms. As an example we present the structures
of LaFe4P;, [4], LaRuSn3 [2] and LasRu4Sny3 (de-
scribed herein) in Fig. 1. The rattling of the rare earth
atoms in the networks of condensed trigonal prisms
has first been described for the series of REPtIns
(RE = La, Ce, Pr, Nd, Sm) indides [5]. Initially the
RE;T4Sn;; stannides have intensively been studied
with respect to their superconducting behavior [6,7].
Later on, the RERuSn3 stannides and various compo-
sitions RERuSn, (2.85 < x < 3.15) have been inves-
tigated with regard to the heavy fermion ground state
of CeRuSnj3 and the valence fluctuation in SmRuSnj3
[8—14].

The composition of the samples has been stud-
ied by two groups. Fukuhara et al. [11] mentioned
crystal growth experiments of CesRusSn;3, however,
their X-ray diffraction patterns showed considerable
amounts of RusSn; as a by-product. The assignment
of composition LaRuSn3 was based on chemical anal-
ysis (atomic absorption spectroscopy for La and Sn;
Ru just as the difference) [2]. Phase analytical work on
the Nd-Ru-Sn system by Salamakha et al. [15] showed
the formation of a solid solution Nd3RusSnj3_,, in-
cluding both compositions as border phases.
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aj_," LagRu4Sn43 (Pm3n)

LaRuSnj3,
LazRuySny3. Lanthanum, iron (ruthenium), and phosphorus
(tin) atoms are drawn as medium grey, black filled, and open
circles, respectively. The networks of condensed FePg/, oc-
tahedra and RuSng , trigonal prisms are emphasized.

Fig. 1. The structures of LaFe4Pq, and

In the course of our systematic research on
intermediate-valent or mixed-valent Ce,Ru, X, (X =el-
ement of the 3" or 4™ main group, Mg, Cd) com-
pounds [16-20, and refs. therein] we have reinvesti-
gated the structure of CezRusSn;3 and the members
with RE = La, Pr, and Nd. Herein we report high-
quality single-crystal data, complemented by a char-
acterization of CezRu,Sn;3 by ''Sn Méssbauer spec-
troscopy and magnetic susceptibility measurements.

Table 1. Lattice parameters of the RE3RusSni3 (RE = La,
Ce, Pr, Nd) compounds.

Compound a (pm) V (nm?) Ref.
La3RU4Sn13 977.2 0.9332 [6, 7]
LazRusSn;3 977.74(3) 0.9347 this work
LaRuSn3 977.3(5) 0.9334 [2]
LaRuSn3 977 0.9326 [8]
C63RU4SII13 972.4 0.9195 [7]
CeszRusSny3 971.34(9) 0.9165 this work
CeRuSn3 972.6(5) 0.9200 [2]
CeRuSn3 973 0.9212 [8]
Pr3RusSnj3 971.2 0.9161 [7]
Pr3RusSnj3 970.85(4) 0.9151 this work
PrRuSn3 970.8(5) 0.9149 [2]
Nd3Ru4Sn13 970.7 0.9147 [7]
Nd3RusSn;3 970.68(8) 0.9146 this work
NdRuSn3 968.7(5) 0.9090 [2]

Experimental Section
Synthesis

Starting materials for the preparation of the RE3RusSn;3
samples were ingots of the rare earth metals (Johnson
Matthey or smart elements), ruthenium powder (Degussa-
Hiils, ca. 200 mesh), and tin granules (Merck). In the first
step, pieces of the rare earth ingots were arc-melted [21] un-
der argon (ca. 700 mbar) to small buttons. The argon was
purified before with titanium sponge (870 K), silica gel and
molecular sieves. The moisture-sensitive rare earth buttons
were kept in Schlenk tubes prior to the reactions. The ele-
ments were then weighed in the ideal 3:4:13 atomic ratio
(the ruthenium powder was cold-pressed to a pellet of 6 mm
diameter) and arc-melted. The molten product buttons were
remelted three times to ensure homogeneity. The total weight
loss after the melting procedures was less than 0.5 %. The
polycrystalline RE3RuySni3 samples are stable in air for
months. Single crystals exhibit metallic luster while ground
powder is dark grey.

EDX data

Semiquantitative EDX analyses on the crystals investi-
gated on the diffractometer were carried out by use of a
Zeiss EVO® MA10 scanning electron microscope in vari-
able pressure mode with LaBg, CeO,, NdF3, Ru, and Sn
as standards. The experimentally observed compositions
(17 at.-% La : 21 at.-% Ru : 62 at.-% Sn; 18 at.-% Ce :
21 at.-% Ru : 61 at.-% Sn; 15 at.-% Nd : 22 at.-% Ru :
63 at.-% Sn) were close to the ideal one (15:20:65). No
impurity elements have been found.

X-Ray diffraction

The purity of the polycrystalline RE3Ru4Snj3 samples
was checked by Guinier powder patterns (imaging plate de-
tector, Fujifilm BAS-1800 readout system) with CuKy ra-
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Table 2. Crystallographic data and structure refinements for REs3RusSnj3 (RE = La, Ce, Nd), YbsRh4Sn3 type, space group

Pm3n,Z =2.

Empirical formula LazRuySnj3
Molar mass, g mol~! 2363.98

Lattice parameters Table 1

Crystal size, /.Lm3 20 x 30 x40
Calculated density, gcm™> 8.40

Transm. ratio, max / min 0.766 / 0.659
Radiation MoK

A, pm 71.073
Absorption coeff., mm~! 26.8

F(000), e 1994

0-range, deg. 3-31

Range in hkl +13, £13, +13
Total no. reflections 9102
Independent reflections / Ry 280/0.0918
Reflections with I > 26(I) / Rs 251/0.0285
Data / ref. parameters 280/ 13
Goodness-of-fit on F2 1.211
R1/wR2forI>20(I) 0.0258 / 0.0360
R1/wR2 for all data 0.0351/0.0379
Extinction coefficient 0.0015(1)
Largest diff. peak / hole, e A—3 1.46/—0.96

CC3RU4S[113 Nd3RU4Sn13
2367.61 2379.97

Table 1 Table 1

20 x 35 x 50 20 x 40 x 60
8.58 8.64
0.73570.611 0.758 7 0.597
MoK MoK

71.073 71.073

27.8 28.9

2000 2012

3-31 3-31

+13, £13, +13 +13, £13, +13
9132 9417
27470.0762 272 /0.0521
264 /0.0223 250/0.0166
274713 272/ 13

1.371 1.241
0.0242/0.0329 0.0233/0.0252
0.0274 7 0.0333 0.0301 /7 0.0262
0.0017(1) 0.00035(4)
1.00/ -0.93 1.05/—1.16

Table 3. Atomic coordinates and isotropic displacement parameters (pmz) for RE3Ru4Sn 3 (RE = La, Ce, Nd). Ueq is defined

as one third of the trace of the orthogonalized Uj; tensor.

Atom Wyckoff site X y z Uri Uy Uiz Usz Uz Uin Ueq
La3Ru4Sn13

La 6¢ 172 1/4 75(2) 83(3) Uy 0 0 0 78(2)
Ru 8e 1/4 1/4 1/4 59(2) Ui Ui 5(12) Uy Uas 59(2)
Snl 24k 0.15587(5) 0.30635(6) 0 83(2) 278(3) 512) 0 0 48(2) 137(2)
Sn2 2a 0 0 0 294(5) Uy Uy 0 0 0 294(5)
Ce3Ru4Sn13

Ce 6¢ 172 1/4 0 71(2) 83(3) Uy 0 0 0 75(2)
Ru 8e 1/4 1/4 1/4 53(2) Ui Ui 6(1) Uy Uas 53(2)
Snl 24k 0.15539(4) 0.30713(5) 0 74(2) 249(2) 49(2) 0 0 40(1) 124(1)
Sn2 2a 0 0 0 279(4) Ui Ui 0 0 0 279(4)
Nd3Rll4Sn13

Nd 6¢ 172 1/4 0 86(2) 101(3) Ui 0 0 0 91(1)
Ru 8e 1/4 1/4 1/4 64(1) Un Un 4(1) Uxs Ux3 64(1)
Snl 24k 0.15499(4) 0.30569(5) 0 84(2) 221(2) 59(2) 0 0 29(2) 121(1)
Sn2 2a 0 0 0 255(4) Ui Ui 0 0 0 255(4)

diation and o-quartz (a = 491.30 and ¢ = 540.46 pm) as the
internal standard. The cubic lattice parameters (Table 1) were
obtained through least-squares refinements. The experimen-
tal patterns were compared to calculated ones [22] to ensure
correct indexing.

Small irregular single crystal fragments of the stannides
RE3RuySni3 (RE = La, Ce, Nd) were separated from the
crushed samples. They were glued to quartz fibers using
bees wax and first investigated on a Buerger precession cam-
era (white Mo radiation, Fuji-film imaging plate) in order
to check the quality for intensity data collection. The data
sets were collected at r.t. by use of a Stoe IPDS-II image
plate system (graphite-monochromatized MoK radiation;
A =71.073 pm) in oscillation mode. Numerical absorption

corrections were applied to the data. Details on the crystallo-
graphic data are given in Table 2.

Structure refinements

The three diffractometer data sets showed primitive cubic
lattices, and the extinction conditions were compatible with
space group Pm3n, in agreement with our previous results
on CezRhySny3 and CeslrySny3 [23]. The atomic parame-
ters of CesRhySni3 were taken as starting values, and the
structures were refined using SHELXL-97 [24] (full-matrix
least-squares on F2) with anisotropic atomic displacement
parameters for all sites. Since there were contradictory re-
ports on the compositions of these phases (1-1-3 =4-4-12
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Table 4. Interatomic distances (pm) in the structures of
RE3RuySni3 (RE = La, Ce, Nd). All distances within the
first coordination shells are listed. Standard deviations are all
equal or smaller than 0.1 pm.

La3 RU4 Sn13 Ce3 Ru4Sn13 Nd3 Ru4Sn13
RE: 4 Snl 340.9 339.3 339.2
8 Snl 344.7 341.8 342.2
4 Ru 345.7 343.4 343.2
2 RE 488.9 485.7 485.3
Ru: 6 Snl 266.9 265.5 265.2
3 RE 345.7 343.4 343.2
Snl: 2 Ru 266.9 265.5 265.2
1 Snl 304.8 301.9 300.9
2 Snl 3249 322.5 324.3
1 Sn2 336.1 3343 332.7
1 RE 340.9 339.3 339.2
2 RE 344.7 341.8 342.2
Sn2: 12 Snl 336.1 334.3 332.7

vs. 3-4-13) and since the Sn2 sites even showed defects in
Ce3zRhySny3 and CeslrySnj3z [23], we refined the occupancy
parameters in separate series of least-squares cycles. For all
three crystals, all sites were fully occupied within one stan-
dard deviation. This is consistent with the starting composi-
tions, the phase-pure powder diagrams and the 11°Sn Moss-
bauer spectroscopic data (vide infra). As a test run we re-
fined the 2a site of the lanthanum-based crystal with the
scattering power of lanthanum, resulting in an occupancy of
only 89(1) %, clearly not consistent with all other data. The
final difference Fourier syntheses were flat. The refined posi-
tional parameters and interatomic distances are listed in Ta-
bles 3 and 4.

Further details on the structure refinements may
be obtained from Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax: +49-
7247-808-666; e-mail: crysdata@fiz-karlsruhe.de, http:/
www.fiz-informationsdienste.de/en/DB/icsd/depot_anforde-
rung.html) on quoting the deposition number CSD-423134
(La3Ru4Sn13), CSD-423135 (C63RU4SH13), and CSD-
423136 (Nd3RuySn;3).

196y Mossbauer spectroscopy

A Cal!9"8n05 source was available for the 1'9Sn Moss-
bauer spectroscopic investigations. CesRugSnj3 and -Sn
samples were placed within thin-walled PMMA containers
at a thickness of about 10 mg Sncm™2. A palladium foil
of 0.05 mm thickness was used to reduce the tin K X-rays
concurrently emitted by this source. The measurements were
conducted in the usual transmission geometry at 77 K.

Magnetic measurements

The magnetic measurement of the CezRusSni3 sample
was carried out on a Quantum Design Physical Property
Measurement System (PPMS) using the VSM option. The

sample (24.173 mg) was packed in kapton foil and attached
to the sample holder rod for measuring the magnetic prop-
erties in the temperature range 3 —300 K with magnetic flux
densities up to 80 kOe.

Discussion

Crystal chemistry

The present single-crystal structure refinements of
LaszRuySn;3, CesRuySny3, and Nd3RuySny; clearly re-
vealed that besides the RERuSnj3 series (i. e. 4-4-12),
another series of 3-4-13 compounds also exists.
Herein, when quoting interatomic distances, we ex-
emplarily discuss the Ce3RuySn3 structure. The unit
cell is presented in Fig. 1. The ruthenium atoms have
trigonal prismatic tin coordination at Ru—Sn1 distances
of 266 pm, close to the sum of the covalent radii [25]
of 264 pm. We can therefore assume essentially cova-
lent Ru-Sn bonding. The RuSng, trigonal prisms are
condensed via common corners leading to the three-
dimensional network emphasized in Fig. 1. In the
structure of CeRu4Sng [26] the monomeric units of the
[Ru4Sne] network are strongly distorted RuSng /4 octa-
hedra with a similar range of Ru—Sn distances (257 -
277 pm). A slightly broader range of Ru—Sn distances
was observed in the complex polyanionic [RuSn] net-
work of CeRuSn (265-290 pm) [16].

The three-dimensional network of condensed
prisms leaves two different kinds of cavities which are
filled by the cerium (Wyckoff site 6¢) and Sn2 (Wyck-
off site 2a) atoms. The larger cerium atoms have coor-
dination number 16 (12 Sn+4 Rh), and the Sn2 atoms
have CN 12 by Snl atoms in icosahedral arrangement.
The Sn2 atoms within the Sn1 icosahedra show full oc-
cupancy, but strongly enhanced displacement parame-
ters, indicating a rattling within the icosahedral voids.
The Snl atoms surrounding Sn2 react on this rattling
and show enhanced U,, parameters. These structural
features are similar to those of the skutterudites and
have been discussed in detail in an earlier work on
LaPtIns [5].

The Sn—Sn distances in the Ce3RusSn3 structure
range from 302 to 334 pm. They compare well with
the structure of 3-Sn (4 x 302 and 2 x 318 pm) [27].
From Table 4 it is evident that the Sn2 atoms with the
higher coordination number also have the longer dis-
tances. The polyhedra of the two different tin sites, Snl
with CN 9 and Sn2 with CN 12, are presented in Fig. 2.
Due to the irregular coordination, the Snl atoms have
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Sn1 (m..)

Sn2 (m3)

Fig. 2. Coordination of the two crystallographically indepen-
dent tin atoms in LazRuySn;3. Lanthanum, ruthenium, and
tin atoms are drawn as medium grey, black filled and open
circles, respectively. The site symmetries are indicated.

low site symmetry m.., while the icosahedrally coor-
dinated Sn2 atoms have site symmetry m3. We draw
back to these site symmetries in the following chapter
on '19Sn Massbauer spectroscopy.

Finally we comment on the course of the lattice
parameters (Table 1) and the course of the inter-
atomic distances (Table 4) in going from LazRusSn3
via CezRuySnjz to NdizRuysSny3. The cerium com-
pound shows a slight negative anomaly in the Tandelli
plot [11], indicating a tendency towards intermediate
cerium valence. This is also manifested by the inter-
atomic distances of the cerium atoms which are similar
or even slightly smaller than those of the neodymium
compound.

1198n Méssbauer spectroscopy

The experimental and simulated ''°Sn Mossbauer
spectra of Ce3RuySnyz and B-Sn samples at 77 K
are presented in Fig. 3. The spectrum of Ce3RuySn3
consists of two sub-spectra. The Snl atoms (Wyck-
off site 24k with site symmetry m..) show an iso-
mer shift of § = 2.15(1) mms~! and substantial
quadrupole splitting of AEg = 1.90(1) mms~!, in
agreement with the highly asymmetric Snl coordina-
tion (Fig. 2). The experimental line width amounts
to I' = 1.13(2) mms~'. This quadrupole-split sub-
spectrum is superimposed on a singlet of the Sn2 atoms
(Wyckoff site 2a with site symmetry m3) with the
fitting parameters & = 2.62(5) mms~! and I" =
0.9(2) mms~'. Due to the cubic site symmetry, no
quadrupole splitting is observed for this signal. The re-
fined intensity ratio of both signals of 90(1): 10(1) is
in good agreement with the ideal value of 92.3:7.7.
This result indicates a similar situation as in isotypic
Ceth4Sn13[23L

relative transmission (%)
{

Ce3RuySnq3

1 1 L 1 1 1 1
6 -4 -2 0 2 4
velocity (mm-s'1)

Fig. 3. Experimental and simulated ''9Sn Mossbauer spec-
trum of 3-Sn and Ce3RuySnj3 at 77 K.

The electronic situation of the two tin sites in
CesRuySnyj is slightly different. The Sn2 atoms within
the Snl;, icosahedra show a slightly higher isomer
shift, indicating a slightly higher electron density at
the Sn2 nuclei. For comparison we have plotted the
spectrum of 3-Sn (flattended SnSny tetrahedra) in the
same Figure. Refinement of the spectrum led to 6 =
2.55(1) mms~! and AEq = 0.40(2) mms~!, in good
agreement with literature data [28]. This nicely under-
lines the metallic nature of Sn2 within the Sn1y, icosa-
hedra.

Magnetic properties

The temperature dependence of the magnetic sus-
ceptibility [¥(T) and y~'(T) data] of Ce3sRuySns
measured in a field of 10 kOe is shown in Fig. 4.
In the temperature range of 20-300 K we were
able to fit y~!(T) data using a modified Curie-Weiss
law, leading to a temperature-independent term Yo =
1.96 x 1073 emu mol !, an effective magnetic moment
of 2.32(1) ug per Ce atom, and a Weiss constant of
6 = —16.1(5) K. Variation of the fitting range to the
higher temperature regime did only marginally change
the fitting parameters (xo = 1.51 x 1073 emumol !,
2.39(1) pg per Ce atom, 8 = —19.1(5) K for the 100 -
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Fig. 4. Temperature dependence of the magnetic susceptibil-
ity (x and x‘l data) of CezRuySni3 measured at 10 kOe.

300 K range). The experimentally determined moment
is smaller than the theoretical value of 2.54 py for
a free Ce3t ion, indicating that only approximately
83 % of the cerium atoms are in a trivalent state. If one
assumes the composition CeRuSn3 for our sample, a
strongly reduced moment of 2.02 ug per Ce atom re-
sults. This would not be in line with the original re-
ports [8,9,11] and clearly confirms the composition
CC3RU4SH13.

Fig. 5 displays the magnetization isotherms of
Ce3RusSny3 measured at 3, 10 and 50 K, with an ap-
plied external field between 0 and 80 kOe. A field-
induced increase of the magnetization is observed

669
0.6
» 3K
Ce3Ru4Sn13
05 |
0.4 » 10 K
T
i)
3 03
[&]
=
2 02
=
» 50 K
0.1
00 \ , , A

0 20 40 60 80

H (kOe)
Fig. 5. Magnetization isotherms of Ce3RusSni3 measured
at 3, 10 and 50 K.

at 3 K. The 10 K magnetization isotherm is slightly
curved, and at 50 K we observe a linear depen-
dence of the magnetization from the applied exter-
nal field as expected for a paramagnetic material. The
saturation magnetization of 0.57(1) gz per Ce atom
at 3 K and 80 kOe is lower than the theoretical value
of 2.14 g per Ce atom according to gy X J.
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