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Summary. The rare earth-transition metal-indides RE4RhIn
(RE¼Gd–Tm, Lu) were prepared by arc-melting of the ele-
ments and subsequent annealing. Single crystals were grown
via slowly cooling of the samples. The indides were inves-
tigated via X-ray powder diffraction and several structures
were refined from X-ray single crystal diffractometer data:
F�443m, a¼ 1370.7(9) pm, wR2¼ 0.049, 428 F2 values for
Gd4RhIn, a¼ 1360.3(6) pm, wR2¼ 0.028, 420 F2 values for
Tb4RhIn, a¼ 1354.5(2) pm, wR2¼ 0.041, 380 F2 values
for Dy4RhIn, a¼ 1349.2(3) pm, wR2¼ 0.029, 410 F2 values
for Ho4RhIn, a¼ 1342.5(5) pm, wR2¼ 0.037, 403 F2 val-
ues for Er4RhIn, a¼ 1337.8(3) pm, wR2¼ 0.038, 394 F2

values for Tm4RhIn with 14 variable parameters per refine-
ment, and a¼ 1329.7(3) pm for Lu4RhIn. In this new structure
type, the rhodium atoms have a trigonal prismatic rare earth
coordination. Condensation of the RhRE6 prisms leads to a
three-dimensional network which leaves voids that are filled
by regular In4 tetrahedra (317 pm In–In distance) in Gd4RhIn.
The indium atoms have twelve nearest neighbors (3 Inþ 9 RE)
in icosahedral coordination. The gadolinium atoms build up
a three-dimensional, adamantane-like network of condensed,
face-sharing empty octahedra.
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Introduction

The crystal chemistry of RExTyInz indides (RE¼ rare

earth element, T¼ transition metal) displays three

main structural characteristics: (i) If the coefficients

x, y, and z are of almost equal values, the transition

metal and indium atoms build up two- or three-

dimensional [TyInz] polyanionic networks which leave

cages or channels for the rare earth metal atoms.

Within these polyanionic networks one observes

strong covalent T–In and in some cases also T–T

bonding. With increasing indium content in such

[TyInz] networks, the indium atoms show segregation

and the resulting indium substructures resemble the

structure of elemental tetragonal body-centered indi-

um. (ii) In the transition metal-rich part of the RE–

T–In phase diagrams, compounds with one-, two-

or three-dimensional transition metal substructures

occur. These transition metal clusters show T–T

distances close to those in the respective elements.

(iii) The rare earth metal-rich structures are relatively

complex and show high coordination numbers. The

crystal chemistry of the RExTyInz indides has re-

cently been reviewed [1].

Among these three families of indides, those with a

high rare earth metal content have only scarcely been

investigated. So far, five different structure types have

been observed [1]: Ho6Co2Ga [2], Lu14Co2In3 [3–5],

Sm12Ni6In [6], Ce12Pt7In [7], and Mo5B2Si [8, 9].

The common structural motif of these structure types

is the trigonal prismatic coordination of the electro-

negative transition metal atoms by rare earth atoms.

In many cases, these trigonal prisms are capped on

the rectangular sites (coordination number 9), a

structural motif often observed in intermetallics.

We have now started a systematic study of the rare

earth metal rich parts of the RE–T–In systems, espe-

cially with the 4d and 5d transition metals with respect

to crystal chemistry and magnetic properties. Herein

we report on the new structure type Gd4RhIn and

the isotypic compounds RE4RhIn (RE¼Tb–Tm, Lu).� Corresponding author. E-mail: pottgen@uni-muenster.de



Results and Discussion

New rare earth metal rich indides RE4RhIn (RE¼
Gd–Tm, Lu) have been prepared and characterized

by X-ray diffraction. They crystallize with a new

face-centered cubic structure type, space group

F�443m. The lattice parameters decrease from the gado-

linium to the lutetium compound (Fig. 1) as expected

from the lanthanoid contraction. As an example we

discuss the Gd4RhIn structure. The latter contains

three crystallographically independent gadolinium,

one rhodium, and one indium site. Since this structure

type has first been observed for the gadolinium com-

pound, we consequently call it the Gd4RhIn type.

The coordination polyhedra for Gd4RhIn are

shown in Fig. 2. The three gadolinium sites have co-

ordination numbers (CN) 14, 14, and 15 for Gd1,

Gd2, and Gd3, respectively. All gadolinium atoms

have Gd, Rh, and In atoms in their coordination

shell. The highest site symmetry occurs for the Gd3

site (.3m). The rhodium atoms are located in trigo-

nal prisms formed by the Gd2 and Gd3 atoms. The

most symmetrical coordination occurs for the indium

atoms. They have twelve nearest neighbors in ico-

sahedral coordination with gadolinium and indium

atoms in their coordination shell.

The shortest interatomic distances in the Gd4RhIn

structure occur for Gd–Rh (284 pm), close to the

sum of the covalent radii of 286 pm [19]. These can

be considered as the strongest bonding interactions,

in agreement wit a recent band structure calculation

on isotypic La4CoMg [15]. These trigonal RhGd6

prisms are condensed via the edges of the triangular

faces forming a rigid three-dimensional network

(Fig. 3). The voids left by this network are filled by

the Gd1 atoms and regular In4 tetrahedra at In–In

distances of 317 pm. The latter are even shorter than

the shortest In–In distance of 325 pm in tetragonal

body-centered indium [20]. Due to the high rare

earth metal content we observe a clear segregation

of rhodium and indium and consequently no Rh–In

contacts are observed.

Together, the Gd2 and Gd3 atoms, forming the tri-

gonal prisms, and the Gd1 atoms build up a three-

dimensional network of empty, face-sharing Gd6

octahedra (Fig. 3). Within this octahedral network,

Fig. 1. Plot of the a lattice parameters of RE4RhIn

Fig. 2. Coordination polyhedra in the Gd4RhIn structure.
Atom designations and site symmetries are indicated. Gado-
linium, rhodium, and indium atoms are drawn as gray, filled,
and open circles

Fig. 3. View of the Gd4RhIn structure approximately along
the [110] direction. The three-dimensional networks of
rhodium-centered trigonal prisms, the empty Gd6 octahedra,
and the In4 tetrahedra are emphasized
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each gadolinium atom has at least six gadolinium

neighbors at Gd–Gd distances ranging from 350 to

365 pm. Several of the Gd–Gd distances are shorter

than the average Gd–Gd distance of 360 pm in hcp

gadolinium [20]. We can thus assume Gd–Gd bond-

ing within this network. In typical cluster com-

pounds like Gd2Cl3 [21–23], the Gd–Gd distances

of 337 pm along the joined edges of the trans-edge

sharing Gd6 octahedra are much smaller.

Some of the centers of the Gd6 octahedra in

Gd4RhIn are at special positions (e.g. 0,0,0). Some

crystals investigated during the present investigation

(the single crystal data are not presented here) re-

vealed higher residual peaks (6–8 e=Å3) at these

positions and also at the site 1=4, 3=4, 3=4, where

always four of the trigonal RhGd6 prisms are con-

densed, leaving a Gd4 tetrahedron. It is possible, that

some of these voids in such crystals might be par-

tially filled with a light element atoms, e.g. nitrogen

or oxygen. Nevertheless, it is well known, that such

highly symmetrical sites accumulate artifacts within

a structure refinement (incomplete absorption cor-

rection etc.) and such peaks should not be overinter-

preted. The compounds presented here have been

obtained in amounts of 1 g in X-ray pure form, and

there was no hint for any impurity content. Crystals

that were grown from samples with a slightly higher

rare earth content (see the Gd:Rh:In¼ 4.1:1:1 sam-

ple discussed above) did not reveal higher residual

peaks. This might be a hint that the excess gadolin-

ium might have trapped the light element impuri-

ties, if present at all. This behavior was not observed

for the magnesium and cadmium based compounds

[15, 16, 24, 25].

Keeping these empty octahedra in mind, we have

recently started a systematic investigation concern-

ing the hydrogenation behavior of the Gd4RhIn type

materials, especially with magnesium as main group

element component. These results are promising.

First investigations on Gd4NiMg revealed hydrogen

absorption up to Gd4NiMgH�7 [26]. Systematic in-

vestigations are in progress.

The Gd4RhIn type structure shows a large tolerance

with respect to the valence electron concentration. In

the indium based series these cubic compounds exist

also with iridium as transition metal component [27].

The In4 tetrahedra can be fully substituted by mag-

nesium, as observed for the series of isotypic com-

pounds RE4CoMg (RE¼Y, La, Pr, Nd, Sm, Gd–Tm)

[15], RE4RhMg (RE¼Y, La–Nd, Sm, Gd–Tm, Lu)

[16], and RE4NiMg [26]. Also the cadmium com-

pounds RE4CoCd and RE4RhCd (RE¼Tb, Dy, Ho)

with the rare motif of a Cd4 tetrahedron have been

synthesized and investigated with respect to their

magnetic properties [24]. Recent phase analytical

studies revealed that also the series RE4RuMg,

RE4PdMg, RE4PtMg, RE4NiCd, and RE4RuCd exist

[25]. This offers the opportunity for tuning the mag-

netic properties as a function of the rare earth and

transition metal component. Systematic studies on

this exciting topic are in progress.

Experimental

Synthesis

Starting materials for the preparation of the RE4RhIn indi-
des were ingots of the rare earth metals (Johnson Matthey,
Chempur or Kelpin), rhodium powder (ca. 200 mesh, Degussa-
Hüls), and indium tear drops (Johnson Matthey), all with
stated purities better than 99.9%. In a first step, the rare earth
metal pieces were melted under 600 mbar argon to small but-
tons in an arc-melting furnace [10]. The argon was purified

Table 1. Lattice parameters (Guinier powder data) of the
ternary indium compounds RE4RhIn

Compound a=pm V=nm3

Gd4RhIn 1370.7(9) 2.5753
Tb4RhIn 1360.3(6) 2.5171
Dy4RhIn 1354.5(2) 2.4851
Ho4RhIn 1349.2(3) 2.4560
Er4RhIn 1342.5(5) 2.4196
Tm4RhIn 1337.8(3) 2.3943
Lu4RhIn 1329.7(3) 2.3511

Fig. 4. Guinier powder pattern (CuK�1
radiation) of Gd4RhIn.

The hkl indices of the strongest reflections are indicated
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over titanium sponge (900 K), silica gel, and molecular sieves.
The pre-melting procedure reduces shattering during the
subsequent reactions with rhodium and indium. The rare earth

metal buttons were then mixed with cold-pressed pellets
(Ø 6 mm) of rhodium and pieces of the indium tear drops in
the ideal 4:1:1 atomic ratio. The mixtures were reacted in the

Table 2. Crystal data and structure refinement for RE4RhIn, space group F�443m, Z¼ 16

Empirical formula Gd4RhIn Tb4RhIn Dy4RhIn
Molar mass 846.73 g=mol 853.41 g=mol 867.73 g=mol
Unit cell dimensions Table 1 Table 1 Table 1
Calculated density 8.74 g=cm3 9.01 g=cm3 9.28 g=cm3

Crystal size 10�30�50 mm3 15�30�200 mm3 20�20�45 mm3

Detector distance 60 mm – 100 mm
Exposure time 5 min – 2 min
! range; increment 0–180�; 1.0� – 0–180�; 1.0�

Integr. param. A, B, EMS 13.5, 3.5, 0.012 – 13.5, 3.5, 0.014
Transm. ratio (max=min) 1.79 2.89 2.13
Absorption coefficient 46.5 mm�1 50.4 mm�1 53.6 mm�1

F(000) 5600 5664 5728
� range 2–30� 2–30� 2–29�

Range in hkl �19, �19, �19 �19, �19, �19 �18, �18, �18
Total no. of reflections 6845 7390 8548
Independent reflections 428 (Rint¼ 0.079) 420 (Rint¼ 0.059) 380 (Rint¼ 0.084)
Reflections with I>2�(I) 374 (R�¼ 0.039) 420 (R�¼ 0.017) 304 (R�¼ 0.064)
Data=parameters 428=19 420=19 380=19
Goodness-of-fit on F2 0.875 1.242 0.743
Final R indices [I>2�(I)] R1¼ 0.026 R1¼ 0.013 R1¼ 0.023

wR2¼ 0.048 wR2¼ 0.028 wR2¼ 0.040
R indices (all data) R1¼ 0.032 R1¼ 0.013 R1¼ 0.034

wR2¼ 0.049 wR2¼ 0.028 wR2¼ 0.041
Extinction coefficient 0.000168(9) 0.000168(4) 0.00029(1)
Flack parameter 0.01(4) 0.003(16) �0.01(5)
Largest diff. peak and hole 3.41=�1.61 e=Å3 3.10=�0.81 e=Å3 3.87=�1.66 e=Å3

Empirical formula Ho4RhIn Er4RhIn Tm4RhIn
Molar mass 877.45 g=mol 886.77 g=mol 893.45 g=mol
Unit cell dimensions Table 1 Table 1 Table 1
Calculated density 9.49 g=cm3 9.74 g=cm3 9.91 g=cm3

Crystal size 20�30�200mm3 10�20�65 mm3 10�30�90 mm3

Detector distance – 60 mm 60 mm
Exposure time – 5 min 5 min
! range; increment – 0–180�; 1.0� 0–180�; 1.0�

Integr. param. A, B, EMS – 13.5, 3.5, 0.014 13.5, 3.5, 0.012
Transm. ratio (max=min) 3.09 2.54 2.84
Absorption coefficient 57.1 mm�1 61.1 mm�1 65.0 mm�1

F(000) 5792 5856 5920
� range 2–30� 3–30� 2–30�

Range in hkl �18, �18, �18 �18, �18, �18 �18, �18, �18
Total no. of reflections 7154 6405 6205
Independent reflections 410 (Rint¼ 0.071) 403 (Rint¼ 0.067) 394 (Rint¼ 0.059)
Reflections with I>2�(I) 404 (R�¼ 0.021) 345 (R�¼ 0.045) 351 (R�¼ 0.034)
Data=parameters 410=19 403=19 394=19
Goodness-of-fit on F2 1.183 0.802 0.904
Final R indices [I>2�(I)] R1¼ 0.012 R1¼ 0.020 R1¼ 0.020

wR2¼ 0.029 wR2¼ 0.036 wR2¼ 0.037
R indices (all data) R1¼ 0.012 R1¼ 0.028 R1¼ 0.026

wR2¼ 0.029 wR2¼ 0.037 wR2¼ 0.038
Extinction coefficient 0.00085(2) 0.000136(5) 0.000173(6)
Flack parameter �0.008(14) �0.01(3) �0.03(3)
Largest diff. peak and hole 2.74=�0.84 e=Å3 4.41=�1.66 e=Å3 4.88=�1.58 e=Å3
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arc-furnace and remelted three times to ensure homogeneity.
An additional synthesis was performed for the gadolinium
compound with a starting composition 4.1:1:1 in order to
getter a possible oxygen=nitrogen contamination (see above).
The weight losses after the melting procedures were always
smaller than 0.5%. The light gray polycrystalline samples are
brittle and stable in air over months. Finely ground powders
are dark gray and single crystals exhibit metallic luster.

Single crystals of the indides RE4RhIn (RE¼Gd–Tm) were
grown via a special annealing sequence. First, the polycrys-
talline samples were powdered and cold-pressed into pellets.
Next, the pellets were put in small tantalum containers that
were sealed in evacuated silica tubes as an oxidation protec-
tion. The ampoules were first heated to 1300, 1305, 1305,
1310, 1340 and 1355 K for the compounds with Gd, Tb, Dy,
Ho, Er and Tm as rare earth component, respectively, during
6 h and held at these temperatures for another 6 h. Sub-
sequently, the temperature was lowered by 5 K=h–970 K in
all cases, then at a rate of 15 K=h–670 K, and finally cooled
to room temperature. Single crystals of irregular shape were
selected. After cooling, the samples could easily be separated
from the tantalum containers. No reaction of the samples with
tantalum could be detected.

Scanning Electron Microscopy

The single crystals investigated on the diffractometers and
the bulk samples have been analyzed by EDX measurements
using a LEICA 420 I scanning electron microscope with the
rare earth trifluorides, rhodium, and InAs as standards. Since
the crystals were mounted by beeswax on glass fibres, they
were first coated with a thin carbon film. The bulk samples
were previously embedded in a metacrylate matrix and the
surface was polished with different silica and diamond pastes.
The surface remained unetched for the EDX measurements.
No impurity elements were detected and the analyses were in
agreement with the ideal 4:1:1 composition.

X-Ray Film Data and Structure Refinements

The RE4RhIn samples were characterized through Guinier
powder patterns using CuK�1 radiation and �-quartz (a¼
491.30, c¼ 540.46 pm) as an internal standard. The Guinier
camera was equipped with an imaging plate system (Fujifilm
BAS-1800). The cubic lattice parameters (Table 1) were de-
duced from least-squares fits of the powder data. To ensure
correct indexing, the experimental patterns were compared to
calculated ones [11], taking the atomic positions obtained
from the structure refinements. As an example, a powder pat-
tern of Gd4RhIn is displayed in Fig. 4.

Small, irregularly shaped single crystals of Gd4RhIn,
Tb4RhIn, Dy4RhIn, Ho4RhIn, Er4RhIn, and Tm4RhIn were
selected from the annealed samples and examined by Laue
photographs on a Buerger precession camera (equipped with
an imaging plate system Fujifilm BAS-1800) in order to estab-
lish suitability for intensity data collection. Intensity data of
Tb4RhIn and Ho4RhIn were recorded at room temperature
by use of a four-circle diffractometer (CAD4) with graphite
monochromatized MoK� radiation (l¼ 71.073 pm) and a scin-
tillation counter with pulse-height discrimination. The scans
were taken in the !=2� mode and empirical absorption correc-

tions were applied on the basis of psi-scan data followed
by spherical absorption corrections. The data sets of the re-
maining crystals were collected in oscillation mode on a Stoe
IPDS-II image plate diffractometer using monochromatized
MoK� radiation (71.073 pm). Numerical absorption correc-
tions were applied to the data sets. All relevant crystallo-
graphic details for the data collections and evaluations are
listed in Table 2.

Careful evaluation of the data sets revealed only the sys-
tematic extinctions for a face-centered lattice, leading to the
possible space groups Fm�33m, Fm�33, F�443m, and F432. The non-
centrosymmetric group F�443m was found to be the correct one
during structure refinement. The starting atomic parameters

Table 3. Atomic coordinates and isotropic displacement pa-
rameters (pm2) of RE4RhIn. Ueq is defined as one third of
the trace of the orthogonalized Uij tensor. Note the different
absolute orientations

Atom Wyckoff site x y z Ueq

Gd4RhIn
Gd1 24 g 0.56266(7) 1=4 1=4 73(2)
Gd2 24f 0.19002(7) 0 0 61(2)
Gd3 16e 0.34948(6) x x 58(3)
Rh 16e 0.14246(9) x x 73(4)
In 16e 0.58180(8) x x 69(3)

Tb4RhIn
Tb1 24 g 0.43672(3) 3=4 3=4 117(1)
Tb2 24f 0.81019(3) 0 0 102(1)
Tb3 16e 0.65009(2) x x 100(1)
Rh 16e 0.85739(4) x x 114(2)
In 16e 0.41786(3) x x 110(1)

Dy4RhIn
Dy1 24 g 0.56281(9) 1=4 1=4 68(3)
Dy2 24f 0.18915(9) 0 0 49(3)
Dy3 16e 0.35053(8) x x 56(3)
Rh 16e 0.14334(13) x x 66(5)
In 16e 0.58253(11) x x 64(4)

Ho4RhIn
Ho1 24 g 0.43736(3) 3=4 3=4 97(1)
Ho2 24f 0.81025(3) 0 0 81(1)
Ho3 16e 0.65007(2) x x 82(1)
Rh 16e 0.85740(4) x x 97(2)
In 16e 0.41740(3) x x 93(2)

Er4RhIn
Er1 24 g 0.43759(7) 3=4 3=4 58(2)
Er2 24f 0.81057(7) 0 0 40(2)
Er3 16e 0.64951(6) x x 44(2)
Rh 16e 0.8568(1) x x 53(4)
In 16e 0.41718(9) x x 47(3)

Tm4RhIn
Tm1 24 g 0.43822(6) 3=4 3=4 59(2)
Tm2 24f 0.81080(6) 0 0 39(2)
Tm3 16e 0.64902(5) x x 48(2)
Rh 16e 0.85642(9) x x 58(4)
In 16e 0.41700(8) x x 49(3)
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for Gd4RhIn were deduced from an automatic interpretation of
direct methods with SHELXL-97 [12] and the structure was
refined using SHELXL-97 (full-matrix least-squares on F0

2)
[13] with anisotropic atomic displacement parameters for all
sites. The structural parameters were then standardized with
the TYPIX routine [14] and all remaining data sets were refined
with the same setting. As a check for the correct site assign-
ments (rhodium and indium differ by only four electrons) and
possible mixed occupancies [15, 16] the occupancy param-
eters were refined in separate series of least-squares cycles.
All sites were fully occupied within two standard uncer-
tainties, and in the final cycles the ideal occupancies were
assumed again. The refinements went smoothly to the resi-
duals listed in Table 2. Refinement of the correct absolute
structures was ensured through refinement of the Flack param-
eters [17, 18]. Final difference Fourier syntheses revealed no
significant residual peaks (Table 2). The positional parameters
and interatomic distances (exemplary for Gd4RhIn) are listed
in Tables 3 and 4. Further details on the structure refinements
are available�.
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UCh, Heying B, Pöttgen R (2006) Z Naturforsch
61b: 23

[6] Kalychak YaM, Zaremba VI, Stępień-Damm J,
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