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Several samples of solid solutions RE16Rh11−xZx (RE = La, Ce, Pr, Nd, Sm; Z = Ga, Zn, Cd,
In, Sn, Sb, Pb, Bi) were synthesized by high-frequency melting of the elements in sealed tantalum
ampoules. The samples were characterized by powder X-ray diffraction, and the structures of eight
compounds were refined on the basis of single-crystal X-ray diffractometer data. The compounds
crystallize with a centrosymmetric variant (space group P4/mbm) of the Ca16Sb11 type (P421m).
The relation between both structure types is discussed on the basis of a group-subgroup scheme.
Only for La16Rh8Sn3 we observed full rhodium-tin ordering. The striking structural motif is a chain
of face-sharing square prisms (filled with tin) and anti-prisms (filled with rhodium). The La16Rh8Sn3
structure is closely related to the structure types W5Si3, Ca16Sb11, Y3Rh2, Sm26Co11Ga6, Pu31Pt20,
and Yb36Sn23 and is the centrosymmetric n = 2 member of Parthé’s A5n+6B3n+5 series. 119Sn
Mössbauer spectra resolved the two crystallographically independent tin sites of La16Rh8Sn3, while
a Pr16Rh9Sb2 sample shows only a singlet in its 121Sb Mössbauer spectrum.
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Introduction

The cerium-rich part of the Ce-Rh system [1] is
characterized by different structure types with com-
mon basic building units, i. e. rhodium-centered trig-
onal prisms of cerium. These RhCe6 units occur in the
structures of Ce7Rh3 [1, 2], Ce5Rh3 [1], Ce5Rh4 [3],
and CeRh [4], and they are preserved also in ternary
cerium-rich compounds of the Ce-Rh-Cd system, ex-
plicitly Ce2Rh2Cd [5], Ce15Rh5Cd2 [6], Ce4RhCd [7],
and Ce23Rh7Cd4 [8]. The latter three structures
can be considered as intergrowth variants. Looking
at the compositions Ce4RhCd (i. e. Ce16Rh4Cd4),
Ce23Rh7Cd4, and Ce15Rh5Cd2 (i. e. Ce30Rh10Cd4),
one formally adds a formula unit Ce7Rh3 in each
step [9], and all rhodium atoms keep the trigonal pris-
matic cerium coordination. Thus, parts of the binary
Ce7Rh3 structure are preserved in the ternary cadmium
intermetallics.

During recent crystal growth experiments of the
ternary phase Ce15Rh5Cd2 [6], we obtained small
amounts of a well crystallized by-product. The
tetragonal primitive unit cell with a = 1189.7 and
c = 985.1 pm and the initially refined composition
‘Ce16Rh11’ obtained from the single-crystal X-ray data
pointed to the tetragonal Ca16Sb11-type [10] structure.
However, the Ce-Rh phase diagram [1] does not con-
tain such a phase, and an EDX analyses of the inves-
tigated crystals showed approximately 5% cadmium
content, pointing to a solid solution Ce16Rh11−xCdx.
Subsequent more detailed phase-analytical studies of
the RE-T -Cd systems revealed that such ternary phases
also exist with other rare earth elements, and that the
cadmium sites can be substituted.

Herein we report on diverse solid solutions
RE16Rh11−xZx (RE = La, Ce, Pr, Nd, Sm; Z = Ga,
Zn, Cd, In, Sn, Sb, Pb, Bi) and the fully ordered stan-
nide La16Rh8Sn3. These compounds are the missing
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centrosymmetric n = 2 variants of Parthé’s homolo-
gous series A5n+6B3n+5 [11]. Besides extended struc-
tural work we studied selected samples by 119Sn and
121Sb Mössbauer spectroscopy.

Experimental

Synthesis

Starting materials for the preparation of samples of the
solid solutions RE16Rh11−xZx were ingots of the rare earth
elements (Johnson Matthey or smart elements), rhodium
powder (Heraeus), zinc granules (Merck), gallium lumps
(Johnson Matthey), a cadmium rod (Johnson Matthey), in-
dium tear drops (Johnson Matthey), tin granules (Merck), an-
timony shots (ABCR GmbH), a lead rod (Johnson Matthey),
and bismuth granules (Chempur), all with stated puri-
ties better than 99.9%. The larger lanthanum, cerium,
praseodymium, neodymium, and samarium ingots were cut
into smaller pieces under dried (Na wire) paraffin oil, washed
with dried n-hexane (Na wire) and kept in Schlenk tubes
prior to the reactions. The elements were then weighed in
the appropiate amounts listed in Table 1 and arc-welded [12]
in small tantalum ampoules under an argon atmosphere of
ca. 800 mbar. The argon was purified with titanium sponge
(900 K), silica gel, and molecular sieves. The ampoules were
subsequently placed in the water-cooled sample chamber of
an induction furnace [13] (Hüttinger Elektronik, Freiburg,
Germany, Typ TIG 2.5/300), rapidly heated to 1470 K and
kept at that temperature for 5 min. The tubes were then
rapidly cooled to 920 K and annealed at that temperature
for another three h, followed by quenching by switching
off the power supply. The temperature was controlled by
a Sensor Therm Methis MS09 pyrometer with an accu-
racy of ±30 K. The brittle polycrystalline RE16Rh11−xZx

samples could easily be separated from the tantalum con-
tainers. No reactions with the crucible material were ob-
served. The RE16Rh11−xZx samples are sensitive to mois-
ture.

The samples used for crystal growth have been annealed
differently. The sealed tantalum ampoules were sealed in
evacuated quartz tubes for oxidation protection and heated
within 4 h to 1470 K in a muffle furnace. The tubes were kept
at that temperature for 8 h, then cooled to 870 K at a rate of
3 K h−1, kept there for another 4 d and then cooled to room
temperature by radiative heat loss.

EDX data

The RE16Rh11−xZx single crystals studied on the diffrac-
tometers were investigated by semiquantitative EDX anal-
yses by use of a Zeiss EVO MA10 scanning electron mi-
croscope (variable pressure mode) with LaF3, CeO2, PrF3,

Table 1. Lattice parameters of samples from diverse solid so-
lutions RE16Rh11−xZx.

Compound a (pm) c (pm) V (nm3)
La16Rh9Zn2 1195.2(1) 1004.3(1) 1.4346
Pr16Rh9Zn2 1179.9(4) 990.3(6) 1.3787
Pr16Rh9.18(4)Zn1.82(4)

a 1173.1(2) 986.2(2) 1.3572
La16Rh9Ga2 1194.3(1) 1002.0(1) 1.4292
La16Rh9Cd2 1201.0(1) 1006.9(2) 1.4523
Ce16Rh9Cd2 1182.2(1) 987.4(2) 1.3800
Ce16Rh10.32(10)Cd0.68(10)

a 1189.7(2) 985.1(2) 1.3943
Pr16Rh9Cd2 1181.7(2) 987.0(2) 1.3783
Sm16Rh9Cd2 1169.0(4) 977.6(3) 1.3360
La16Rh9In2 1205.8(2) 1005.1(3) 1.4614
Pr16Rh9In2 1185.9(2) 984.9(4) 1.3851
Pr16Rh9.55(9)In1.45(9)

a 1185.7(2) 985.5(2) 1.3855
Nd16Rh9In2 1180.1(4) 981.4(3) 1.3667
Nd16Rh9.61(7)In1.39(7)

a 1173.4(2) 981.4(2) 1.3513
La16Rh10Sn 1204.0(3) 1009.2(6) 1.4629
La16Rh9Sn2 1208.7(1) 1002.1(2) 1.4640
La16Rh8.5Sn2.5 1214.2(1) 997.6(2) 1.4707
La16Rh8Sn3 1220.7(1) 997.9(2) 1.4870
La16Rh8Sn3

a 1222.0(2) 998.9(2) 1.4916
La16Rh7Sn4 1221.4(3) 996.7(3) 1.4869
Ce16Rh9Sn2 1205.6(3) 979.6(3) 1.4238
Pr16Rh9Sn2 1192.1(3) 979.3(2) 1.3917
Pr16Rh9.38(10)Sn1.62(10)

a 1189.63(7) 979.9(1) 1.3868
Pr16Rh9Sb2 1175.9(4) 986.7(4) 1.3644
Pr16Rh10.20(9)Sb0.80(9)

a 1163.25(7) 988.2(1) 1.3372
La16Rh9Pb2 1211.6(1) 1007.6(2) 1.4791
La16Rh8Pb3 1218.6(2) 1004.7(3) 1.4920
La16Rh8.76(2)Pb2.24(2)

a 1220.3(2) 1007.7(2) 1.5006
Ce16Rh9Pb2 1197.1(2) 978.9(2) 1.4028
Pr16Rh9Pb2 1187.8(1) 983.7(2) 1.3879
Nd16Rh9Pb2 1184.2(2) 983.3(3) 1.3789
La16Rh9Bi2 1204.0(3) 1007.2(3) 1.4601

a Single-crystal data.

NdF3, Rh, and Cd as standards. The experimentally observed
compositions were close to the ideal ones. No impurity ele-
ments were found.

X-Ray diffraction

All polycrystalline RE16Rh11−xZx samples were char-
acterized by powder X-ray diffraction: Guinier camera
(imaging plate detector, Fujifilm BAS-1800 readout sys-
tem), CuKα1 radiation and α-quartz (a = 491.30 and c =
540.46 pm) as the internal standard. The tetragonal lattice
parameters (Table 1) resulted from least-squares refinements
of the powder diffraction data. The correct indexing was en-
sured with the help of intensity calculations [14].

Small single crystals were selected from eight
RE16Rh11−xZx samples. The crystals were obtained
from the crushed samples prepared by the long anneal-
ing sequences in the muffle furnace. The quality of
the crystals was first checked by Laue photographs on
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Table 2. Crystal data and structure refinement for Pr16Rh9.18Zn1.82, Ce16Rh10.32Cd0.68, Pr16Rh9.55In1.45, and
Nd16Rh9.61In1.39; space group P4/mbm, Z = 2.

Empirical formula Pr16Rh9.18Zn1.82 Ce16Rh10.32Cd0.68 Pr16Rh9.55In1.45 Nd16Rh9.61In1.39

Molar mass, g mol−1 3318.25 3380.34 3403.84 3456.41
Unit cell dimensions Table 1 Table 1 Table 1 Table 1
Calculated density, g cm−3 8.12 8.05 8.16 8.50
Crystal size, µm3 20×20×30 20×20×40 10×20×40 10×20×30
Detector distance, mm 80 90 80 80
Exposure time, min 6 6 5 6
ω range; increment, deg. 0 – 180; 1.0 0 – 180; 1.0 0 – 180; 1.0 0 – 180; 1.0
Integr. param. A, B, EMS 12.0, 2.5, 0.012 12.0, 3.0, 0.012 12.5, 3.0, 0.012 13.0, 3.5, 0.012
Transm. ratio (max/min) 0.634/0.347 0.566/0.340 0.582/0.218 0.551/0.253
Absorption coefficient, mm−1 35.0 31.9 34.2 36.9
F(000), e 2823 2850 2890 2921
θ range, deg. 2 – 30 2 – 30 2 – 30 2 – 30
Range in hkl −14/16, ±16, ±13 ±16, ±16, ±13 ±16, ±16, ±13 ±16, ±16, ±13
Total no. reflections 13527 14398 9947 13270
Independent reflections/Rint 1118/0.063 1145/0.125 1117/0.097 1110/0.077
Reflections with I > 2σ (I)/Rσ 866/0.045 488/0.188 869/0.055 894/0.044
Data/parameters 1118/46 1145/46 1117/46 1110/46
Goodness-of-fit on F2 0.945 0.405 1.066 1.012
R1/wR2 for [I > 2σ(I)] 0.030/0.035 0.022/0.031 0.043/0.052 0.037/0.035
R1/wR2 for all data 0.057/0.039 0.081/0.037 0.069/0.056 0.059/0.038
Extinction coefficient 0.00007(2) 0.000307(14) 0.00020(2) 0.000096(16)
Largest diff. peak/hole, e Å−3 1.99/−2.35 1.70/−1.73 2.27/−2.26 2.55/−1.91

a Buerger camera (white Mo radiation). Most intensity
data were collected at room temperature by use of a Stoe
IPDS-II imaging plate diffractometer in oscillation mode
(graphite-monochromatized MoKα radiation). Two of the
crystals were measured on a Nonius CAD4 four-circle
diffractometer with graphite-monochromatized MoKα

radiation (λ = 71.073 pm for La16Rh8.75Pb2.25) and AgKα

(λ = 56.086 pm for Pr16Rh10.20Sb0.80) radiation and
a scintillation counter with pulse-height discrimination.
Scans were taken in the ω/2θ mode. Numerical absorption
corrections were applied to all data sets. The relevant details
concerning the data collections and evaluations are listed in
Tables 2 and 3.

Structure refinements

All data sets showed primitive tetragonal lattices with
high Laue symmetry, and the systematic extinctions were
compatible with the centrosymmetric space group P4/mbm.
The starting atomic parameters were determined via Direct
Methods with SHELXS-97 [15], and the structures were re-
fined using SHELXL-97 [16] (full-matrix least-squares on
F2) with anisotropic atomic displacement parameters for all
sites. As a check for the correct composition, all occupancy
parameters were refined in a separate series of least-squares
cycles. All rare earth sites were fully occupied within two
standard deviations and, except for La16Rh8Sn3, where two
of the five crystallographically independent rhodium sites

showed mixed occupancy with the Z component, leading
to the compositions listed in Tables 2 and 3. For the pairs
Rh/Cd, Rh/In, Rh/Sb, and Rh/Sn the small differences in
scattering power led to higher standard deviations for the oc-
cupancy parameters. For the two mixed-occupied sites we
observed slightly enhanced displacement parameters, a con-
sequence of the difference in size between the rhodium atoms
and the different Z components. In the final cycles, these
mixed occupancies were refined as least-squares variables.
The final difference Fourier syntheses were flat (Tables 2
and 3). The positional parameters and interatomic distances
(exemplarily for La16Rh8Sn3) are listed in Tables 4 and 5.

Further details of the crystal structure investigation may
be obtained from Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-
808-666; e-mail: crysdata@fiz-karlsruhe.de, http://www.
fiz-karlsruhe.de/request for deposited data.html) on quoting
the deposition number CSD-424338 (Pr16Rh9.18Zn1.82),
CSD-424334 (Ce16Rh10.32Cd0.68), CSD-424335
(Pr16Rh9.55In1.45), CSD-424337 (Nd16Rh9.61In1.39), CSD-
424333 (La16Rh8Sn3), CSD-424340 (Pr16Rh9.38Sn1.62),
CSD-424339 (Pr16Rh10.20Sb0.80), and CSD-424336
(La16Rh8.76Pb2.24).

Mössbauer spectroscopy

A Ca119mSnO3 and a Ba121mSnO3 source were used
for the Mössbauer spectroscopic experiments. The measure-

http://www.fiz-karlsruhe.de/request_for_deposited_data.html
http://www.fiz-karlsruhe.de/request_for_deposited_data.html
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Table 3. Crystal data and structure refinement for La16Rh8Sn3, Pr16Rh9.38Sn1.62, Pr16Rh10.20Sb0.80, and La16Rh8.76Pb2.24,
space group P4/mbm, Z = 2.

Empirical formula La16Rh8Sn3 Pr16Rh9.38Sn1.62 Pr16Rh10.20Sb0.80 La16Rh8.76Pb2.24
Molar mass, g mol−1 3401.91 3412.13 3401.64 3588.68
Unit cell dimensions Table 1 Table 1 Table 1 Table 1
Calculated density, g cm−3 7.57 8.17 8.45 7.94
Crystal size, µm3 20×20×40 20×20×30 20×20×20 10×10×20
Detector distance, mm 90 – – 90
Exposure time, min 6 – – 6
ω range; increment, deg. 0 – 180; 1.0 – – 0 – 180; 1.0
Integr. param. A, B, EMS 12.8, 3.0, 0.011 – – 12.8, 2.8, 0.012
Transm. ratio (max/min) 0.638/0.356 0.479/0.378 0.632/0.570 0.600/0.372
Absorption coefficient, mm−1 29.0 34.3 18.7 (Ag radiation) 39.4
F(000), e 2844 2894 2888 2980
θ range, deg. 2 – 30 2 – 30 3 – 26 2 – 30
Range in hkl ±17, ±17, ±14 ±16, ±16, −13/11 ±18, ±18, −15/1 ±17, ±17, ±14
Total no. reflections 15505 15170 10848 15059
Independent reflections/Rint 1219/0.175 1141/0.274 1483/0.357 1229/0.163
Reflections with I > 2σ (I)/Rσ 543/0.219 799/0.079 679/0.151 748/0.122
Data/parameters 1219/44 1141/46 1483/45 1229/46
Goodness-of-fit on F2 0.535 1.078 0.986 0.883
R1/wR2 for [I > 2σ (I)] 0.032/0.034 0.043/0.093 0.053/0.071 0.053/0.049
R1/wR2 for all data 0.141/0.057 0.079/0.111 0.171/0.100 0.117/0.058
Extinction coefficient 0.000112(16) 0.00003(4) – 0.000002(15)
Largest diff. peak/hole, e Å−3 2.17/−1.86 5.96/−3.01 4.21/−5.07 3.85/−2.64

ments were carried out in a nitrogen bath cryostat at 77 K.
The Mössbauer sources were kept at room temperature. The
samples were enclosed in small PMMA containers at a thick-
ness corresponding to about 10 mg of the Mössbauer-active
element per cm2.

Discussion

Crystal chemistry

Several new RE16Rh11−xZx (RE = La, Ce, Pr, Nd,
Sm; Z = Ga, Zn, Cd, In, Sn, Sb, Pb, Bi) samples (Ta-
ble 1) with a tetragonal structure have been prepared.
They derive from the structure type Ca16Sb11 [10]. The
lattice parameters of our samples depend on the size
of the respective rare earth element and the Z compo-
nent as well. The eight structure refinements clearly
showed that two Wyckoff sites are either fully occu-
pied by tin (in La16Rh8Sn3) or reveal mixed occupan-
cies. As an example we studied the homogeneity range
for La16Rh11−xSnx in more detail. The course of the
lattice parameters within the solid solution is shown
in Fig. 1. We observe an anisotropic behavior, i. e. an
increase of the a and a decrease of the c parameter.
At x ≈ 4 we reach the limit of the solid solution. The
powder patterns of such a sample already showed by-
products.

Fig. 1. Course of the cell parameters in the solid solution
La16Rh11−xSnx.

The small Z content in many of our samples sug-
gested the possibility of binary rare earth-rhodium in-
termetallics. We tried the intended 16-11 compositions
with lanthanum and cerium, however, only the known
binaries [1, 17] resulted from these experiments. The
Z component is required for the stabilization of our
phases.

Since La16Rh8Sn3 was obtained as a ternary, fully
ordered compound, in the following discussion we fo-
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Atom Wyckoff x y z Ueq
site

Pr16Rh9.18(4)Zn1.82(4)
Pr1 16l 0.08039(4) 0.20277(4) 0.31145(4) 149(1)
Pr2 8i 0.21166(6) 0.07186(6) 0 223(2)
Pr3 4h 0.14366(5) x+1/2 1/2 159(2)
Pr4 4 f 0 1/2 0.20198(8) 171(2)
Rh1 8k 0.17666(6) x+1/2 0.22321(9) 214(2)
Rh2 4h 0.60376(9) x+1/2 1/2 207(3)
Rh3 4e 0 0 0.15570(13) 185(2)
58(3) % Zn1 4g 0.65981(13) x+1/2 0 366(9)
42(3) % Rh4
65(4) % Zn2 2b 0 0 1/2 224(10)
35(4) % Rh5
Ce16Rh10.32(10)Cd0.68(10)
Ce1 16l 0.07956(5) 0.20516(5) 0.30991(6) 153(1)
Ce2 8i 0.20919(10) 0.07559(10) 0 244(2)
Ce3 4h 0.14588(8) x+1/2 1/2 152(3)
Ce4 4 f 0 1/2 0.21063(13) 169(3)
Rh1 8k 0.17721(8) x+1/2 0.22749(14) 239(3)
Rh2 4h 0.59918(12) x+1/2 1/2 196(4)
Rh3 4e 0 0 0.1543(2) 199(4)
25(9) % Cd1 4g 0.65981(12) x+1/2 0 213(7)
75(9) % Rh4
18(12) % Cd2 2b 0 0 1/2 177(9)
82(12) % Rh5
Pr16Rh9.55(9)In1.45(9)
Pr1 16l 0.08013(5) 0.20431(5) 0.30982(6) 154(1)
Pr2 8i 0.20888(8) 0.07466(8) 0 237(2)
Pr3 4h 0.14550(7) x+1/2 1/2 158(2)
Pr4 4 f 0 1/2 0.21109(12) 172(2)
Rh1 8k 0.17813(7) x+1/2 0.22420(12) 205(3)
Rh2 4h 0.60239(11) x+1/2 1/2 195(4)
Rh3 4e 0 0 0.15688(18) 179(3)
46(8) % In1 4g 0.65800(13) x+1/2 0 212(6)
54(8) % Rh4
50(10) % In2 2b 0 0 1/2 168(8)
50(10) % Rh5
Nd16Rh9.61(7)In1.39(7)
Nd1 16l 0.07988(4) 0.20316(4) 0.31154(4) 145(1)
Nd2 8i 0.21062(6) 0.07309(7) 0 244(2)
Nd3 4h 0.14414(5) x+1/2 1/2 142(2)
Nd4 4 f 0 1/2 0.20647(9) 163(2)
Rh1 8k 0.17783(6) x+1/2 0.22433(10) 198(2)
Rh2 4h 0.60254(8) x+1/2 1/2 173(3)
Rh3 4e 0 0 0.15593(14) 164(2)
47(6) % In1 4g 0.65841(9) x+1/2 0 249(5)
53(6) % Rh4
45(8) % In2 2b 0 0 1/2 156(6)
55(8) % Rh5
La16Rh8Sn3
La1 16l 0.08591(8) 0.20212(8) 0.3075(1) 143(2)
La2 8i 0.21069(12) 0.07555(12) 0 125(3)
La3 4h 0.13733(13) x+1/2 1/2 172(5)
La4 4 f 0 1/2 0.2123(2) 154(4)
Rh1 8k 0.17334(11) x+1/2 0.22787(19) 184(4)
Rh2 4h 0.61390(19) x+1/2 1/2 239(7)
Rh3 4e 0 0 0.1540(3) 205(6)
Sn1 4g 0.65585(13) x+1/2 0 126(5)
Sn2 2b 0 0 1/2 217(9)

Table 4. Atomic coordinates
and isotropic displace-
ment parameters of several
RE16Rh11−xZx compounds;
space group P4/mbm.
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Atom Wyckoff x y z Ueq
site

Pr16Rh9.38(10)Sn1.62(10)
Pr1 16l 0.08010(7) 0.20212(7) 0.31172(9) 142(2)
Pr2 8i 0.20923(11) 0.07501(10) 0 157(3)
Pr3 4h 0.14463(11) x+1/2 1/2 158(4)
Pr4 4 f 0 1/2 0.21607(18) 153(3)
Rh1 8k 0.17731(11) x+1/2 0.22661(18) 182(4)
Rh2 4h 0.60542(17) x+1/2 1/2 198(5)
Rh3 4e 0 0 0.1557(2) 147(5)
53(9) % Sn1 4g 0.65678(14) x+1/2 0 166(8)
47(9) % Rh4
55(13) % Sn2 2b 0 0 1/2 178(11)
45(13) % Rh5
Pr16Rh10.20(9)Sb0.80(9)
Pr1 16l 0.08086(8) 0.20035(8) 0.31257(11) 128(2)
Pr2 8i 0.21452(14) 0.07045(16) 0 211(4)
Pr3 4h 0.13947(14) x+1/2 1/2 143(4)
Pr4 4 f 0 1/2 0.1979(2) 164(4)
Rh1 8k 0.17363(14) x+1/2 0.2269(2) 161(5)
Rh2 4h 0.6101(3) x+1/2 1/2 210(8)
Rh3 4e 0 0 0.1522(4) 154(6)
32(9) % Sb1 4g 0.6575(2) x+1/2 0 331(16)
68(9) % Rh4
16(10) % Sb2 2b 0 0 1/2 174(16)
84(10) % Rh5
La16Rh8.76(2)Pb2.24(2)
La1 16l 0.08518(8) 0.20072(8) 0.30894(9) 180(2)
La2 8i 0.20988(12) 0.07672(12) 0 150(3)
La3 4h 0.13838(13) x+1/2 1/2 222(5)
La4 4 f 0 1/2 0.21496(18) 171(4)
Rh1 8k 0.17249(11) x+1/2 0.22868(17) 200(4)
Rh2 4h 0.6182(2) x+1/2 1/2 339(8)
Rh3 4e 0 0 0.1509(3) 198(6)
89(1) % Pb1 4g 0.65389(8) x+1/2 0 140(5)
11(1) % Rh4
47(2) % Pb2 2b 0 0 1/2 191(10)
53(2) % Rh5

Table 4. (continued).

cus on this stannide. In Fig. 2 we present a view of the
La16Rh8Sn3 structure along the c axis. The remarkable
structural motif of this structure is the column of face-
sharing square prisms and antiprisms, in which the
smaller rhodium atoms fill the antiprisms. The stack-
ing of these prismatic units is always one prism fol-
lowed by two anti-prisms. All our structure refinements
showed well behaved displacement parameters for the
2b sites within the square prisms. The U33 values were
always close to or even slightly smaller than the U11
values. There was no need to introduce a split posi-
tion 0 0 z instead of 0 0 1/2, as it was the case for
Ca16Sb11 [10], Eu16Sb11, and Eu16Bi11 [18].

In order to facilitate comparison of the centrosym-
metric La16Rh8Sn3 and the non-centrosymmetric
Ca16Sb11 structure, we present a group-subgroup

Fig. 2. The crystal structure of La16Rh8Sn3. Lanthanum,
rhodium, and tin atoms are drawn as medium grey, black
filled, and open circles, respectively. For details see text.
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Fig. 3. Group-subgroup scheme in the Bärnighausen formalism [19 – 22] for the structures of La16Rh8Sn3 and Ca16Sb11 [10].
The index for the translationengleiche (t) symmetry reduction and the evolution of the atomic parameters are given. Note,
that the Sb1 site in Ca16Sb11 [10] was refined with a split position 0 0 0.4698 with 50% occupancy.

Table 5. Interatomic distances (pm) in the structure of
La16Rh8Sn3. All distances within the first coordination
spheres are listed. Standard deviations are all equal or smaller
than 0.4 pm.

La1: 1 Rh2 297.8 La4: 2 Rh1 300.0
1 Rh1 306.8 2 Sn1 342.8
1 Rh3 309.1 2 Rh2 348.3
1 Sn2 330.2 2 La3 372.7
1 Rh1 360.3 4 La1 390.6
1 Sn1 363.0 Rh1: 1 La3 278.9
1 La2 365.2 2 La2 293.6
1 La1 366.3 1 La4 300.0
1 La2 376.2 2 La1 306.8
2 La1 379.5 2 La1 360.3
1 La1 384.6 1 Sn1 372.8
1 La3 387.1 Rh2: 4 La1 297.8
1 La4 390.6 2 La3 308.3
1 La3 397.0 2 La4 348.3

La2: 2 Rh1 293.6 1 Rh2 393.7
2 Rh3 313.8 Rh3: 1 Rh3 307.7
1 Sn1 326.4 4 La1 309.1
1 Sn1 335.0 4 La2 313.8
2 La1 365.2 1 Sn2 345.6
1 La2 369.4 Sn1: 2 La2 326.4
2 La1 376.2 2 La2 335.0
2 La2 386.8 2 La4 342.8

La3: 2 Rh1 278.9 4 La1 363.0
2 Rh2 308.3 2 Rh1 372.8
2 La4 372.7 Sn2: 8 La1 330.2
4 La1 387.1 2 Rh3 345.6
4 La1 397.0

scheme in the Bärnighausen formalism [19 – 22] in
Fig. 3. Ca16Sb11 crystallizes in space group P421m,
a translationengleiche subgroup of P4/mbm. The evo-
lution of the positional parameters in Fig. 3 shows

a splitting for three sites. The deviations of the refined
values from the subcell data are pronounced, enforcing
the non-centrosymmetric structure. The striking differ-
ence between both structures concerns the chemical
nature (antimony vs. rhodium) and size (141 pm cova-
lent radius [23] for antimony vs. 125 pm for rhodium).
This is most likely the reason for the lower symme-
try of the Ca16Sb11 structure. In view of the split posi-
tion for the 2b Sb1 site (refined with 50% occupancy
on 4d with z = 0 0.4698 [10]), the structural model in
space group P421m can only be considered as an av-
erage structure. The same holds true for Eu16Sb11 and
Eu16Bi11 [18]. An ordering of the split positions would
be possible in space group P4, a translationengleiche
subgroup of index 2 of P421m, where the 2b site splits
into two distinct sites 1b and 1d. Low-temperature in-
vestigations for this structure type are under way in or-
der to search for a possible superstructure formation.

The shortest distance in the La16Rh8Sn3 structure
occurs for Rh1–La3 (279 pm). All three rhodium sites
have such La–Rh contacts with Rh–La distances rang-
ing from 279 to 314 pm. Most of these distances are
even smaller than the sum of the covalent radii [23]
of 294 pm, indicating substantial Rh–La bonding. This
is in line with the course of the electronegativi-
ties (2.28 for Rh and 1.10 for La on the Pauling
scale [23]). The Sn2 atoms within the square prisms
have Sn2–La1 distances of 330 pm, slightly longer
than the sum of the covalent radii [23] of 309 pm.
As a consequence of the high lanthanum content,
within the La16Rh8Sn3 structure we observe no di-
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Fig. 4. Comparison of the
columns of face-sharing
tetragonal prisms and
antiprisms in diverse
structure types of the series
A5n+6B3n+5. For details see
text.

Fig. 5. Coordination of the two crystallographically indepen-
dent tin sites in La16Rh8Sn3. Lanthanum, rhodium, and tin
atoms are drawn as medium grey, black filled, and open cir-
cles, respectively. The site symmetries are indicated.

rect Rh–Sn contacts. The shortest Rh–Sn distance of
346 pm is much longer than the sum of the covalent
radii of 265 pm. In the structures of LaRhSn [24],
LaRhSn2 [25], or CaRhSn2 [26], the rhodium and tin
atoms build up three-dimensional [RhSn] and [RhSn2]
networks in which the cations fill larger cavities. In
those stannides the Rh–Sn distances are the shortest
ones.

Between adjacent square anti-prisms we observe
Rh3–Rh3 distances of 308 pm. The latter are sig-
nificantly longer than in fcc rhodium (269 pm) [27]
and can not be considered as bonding. They are just
a consequence of the anti-prismatic arrangement. The
various La–La distances within the first coordination
spheres of the four crystallographically independent
lanthanum sites range from 365 to 397 pm, compara-
ble to fcc lanthanum (375 pm) [27].

The structure of La16Rh8Sn3 is a further mem-
ber of Parthé’s series of A5n+6B3n+5 structures [11].
La16Rh8Sn3 is the centrosymmetric n = 2 member.
The other members are W5Si3 (n = ∞) [28], Ca16Sb11
(n = 2) [10], Y3Rh2 (n = 3) [11, 29], Sm26Co11Ga6
(n = 4) [30], Pu31Pt20 (n = 5) [31], and Yb36Sn23 (n =
6) [32]. Similar to the pair Ca16Sb11 and La16Rh8Sn3
for n = 2, also Pu31Pt20 with n = 5 has a p ele-
ment counterpart Ca31Sn20 [33]. The different columns
which occur in the A5n+6B3n+5 structures are presented
in Fig. 4, the corresponding crystallographic data are
listed in Table 6. The members with even n crystal-
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Structure n a (pm) c (pm) Space group Reference
W5Si3 ∞ 964.5 497.0 I4/mcm [28]
Ca16Sb11 2 1225.3(3) 1131.3(4) P421m [10]
La16Rh8Sn3 2 1220.7(1) 997.9(2) P4/mbm This work
Y21Rh14 (Y3Rh2) 3 1123.2(2) 2516(1) I4/mcm [11, 29]
Sm26Co11Ga6 4 1171.3(4) 1517.1(7) P4/mbm [30]
Pu31Pt20 5 1130.2(5) 3738.8(2) I4/mcm [31]
Yb36Sn23 6 1238.69(5) 2293.5(1) P4/mbm [32]

Table 6. Structure types
within the homologous series
A5n+6B3n+5.

lize with a primitive (P4/mbm), those with an odd n
with a body-centered (I4/mcm) tetragonal space group.
The columns are arranged in the form of tetragonal rod
packings. In the binary compounds the square prisms
and anti-prisms are filled either by the transition metal
or by the p element. In the structure of La16Rh8Sn3 we
observed an ordering within the two prism types. De-
tailed substitution experiments have recently been car-
ried out for various solid solutions RE3T2−xInx [34].
These ternary n = 3 members show different ordering
patterns within the prisms.

Finally we draw back to the tin coordination. The
near-neighbor environments of the two crystallograph-
ically independent tin sites in La16Rh8Sn3 are shown
in Fig. 5. The Sn1 and Sn2 atoms have 10, respectively
8 lanthanum neighbors with two additional rhodium
neighbors at longer Rh–Sn distances capping rectan-
gular faces. These different coordinations lead to dif-
ferent site symmetries, i. e. m.2m for Sn1 and 4/m..
for Sn2 as discussed in more detail below.

Mössbauer spectroscopic characterization

Fig. 6 displays the 119Sn Mössbauer spectra of the
La16Rh8Sn3 and Pr16Rh9Sn2 samples at 77 K together
with transmission integral fits. The corresponding fit-
ting parameters are listed in Table 7. Both spectra

Table 7. Fitting parameters of 119Sn and 121Sb Mössbauer
spectroscopic measurements of La16Rh8Sn3, Pr16Rh9Sn2
and Pr16Rh9Sb2. Numbers in parentheses represent the sta-
tistical errors in the last digit. (δ ), isomer shift; (∆), experi-
mental line width; (∆EQ), electric quadrupole splitting. The
site assignments and site symmetries are indicated.

Compound Site δ ∆EQ Γ

(mm s−1) (mm s−1) (mm s−1)
La16Rh8Sn3 Sn1 (m.2m) 2.03(1) 0.98(2) 0.85a

Sn2 (4/m..) 2.01(2) 0.36(6) 0.85a

Pr16Rh9Sn2 Sn1 (m.2m) 2.06(1) 0.96(2) 0.85a

Sn2 (4/m..) 1.97(3) 0.53(5) 0.85a

Pr16Rh9Sb2 Sb1/Sb2 −8.22(3) 0a 2.8(1)

a Parameter fixed during the fitting procedure.

Fig. 6 (color online). Experimental and simulated 119Sn
Mössbauer spectra of La16Rh8Sn3 and Pr16Rh9Sn2 at 77 K.

could be well reproduced with a superposition of two
signals in the ratio of 2 : 1 with almost similar isomer
shifts, but distinctly different quadrupole splitting pa-
rameters. In agreement with the lower site symmetry,
the signal with the higher quadrupole splitting param-
eter was assigned to the Sn1 sites. A similar behav-
ior was observed for YbAgSn [35]. The experimen-
tally observed isomer shifts indicated considerable s
elelctron density at the tin nuclei [36]. Based on this re-
sult we can conclude that there is charge transfer from
lanthanum not only to the electronegative rhodium, but
also to the tin atoms. This is similar to LaRhSn2 [25],
while in other equiatomic RERhSn stannides [37] the
isomer shifts are slightly smaller.

The 121Sb spectrum of Pr16Rh9Sb2 is presented in
Fig. 7. The much higher natural line width of antimony



F. Tappe et al. · Solid Solutions RE16Rh11−xZx 603

Fig. 7 (color online). Experimental and simulated 121Sb
Mössbauer spectrum of Pr16Rh9Sb2 at 77 K.

excludes high resolution of the spectrum and an
independent refinement of the quadrupole splitting
parameter and the experimental line width was not
possible. Although the structure refinement also
showed two Wyckoff sites with Rh/Sb mixing, only
the superimposed signal of both spectral contributions
could be observed. The isomer shift of −8.22 mm s−1

points to an antimonide character [38], similar to the
series YbT Sb [39] and REZnSbO [40].
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[8] F. Tappe, R. Pöttgen, Z. Naturforsch. 2009, 64b, 184.
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