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1 Institut f€uur Anorganische und Analytische Chemie and NRW Graduate School

of Chemistry, Westf€aalische Wilhelms-Universit€aat M€uunster, 48149 M€uunster (Germany)
2 Max-Plank-Institut f€uur Festkörperforschung, 70569 Stuttgart (Germany)

Received March 24, 2005; accepted April 22, 2005

Published online October 27, 2005 # Springer-Verlag 2005

Summary. The gadolinium–rhodium–indide Gd3Rh1.940(7)In4 was prepared by arc-melting of the

elements and subsequent annealing in a corundum crucible in a sealed silica tube. Gd3Rh1.940(7)In4

adopts the hexagonal Lu3Co1.87In4 type, space group P�66, a¼ 781.4(5), c¼ 383.8(3) pm, wR2¼
0.0285, BASF¼ 0.375(1) (merohedric twinning via a twofold axis (xx0)), 648 F2 values, 22 variables.

The structure is derived from the well known ZrNiAl type through an ordering of rhodium and indium

atoms on the Ni2 sites. The Rh=In ordering forces a reduction of the space group symmetry from P�662m

to P�66, leading to merohedric twinning for the investigated crystal. The Rh1 site has an occupancy of

only 94.0(7)%. The investigated crystal had a composition Gd3Rh1.940(7)In4. The main geometrical

motif are three types of centered, tricapped trigonal prisms, i.e., [Rh1In26Gd3], [Rh2Gd6In23], and

[In1Gd6In23]. The shortest interatomic distances occur for Rh–In (276–296 pm) followed by In–In

(297 pm). Together, the rhodium and indium atoms build up a three-dimensional [Rh1.940(7)In4] net-

work, in which the gadolinium atoms fill slightly distorted pentagonal channels. The crystal chemistry

of Gd3Rh1.940(7)In4 is discussed on the basis of a group-subgroup scheme.
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Introduction

The rare earth (RE) metal-rhodium–indium systems have intensively been investi-
gated in recent years with respect to phase analysis, crystal chemistry, and physical
properties of the respective ternary compounds. So far, more than 50 compounds
have been observed in the series RE2Rh2In, RERhIn, RE10Rh9 � xIn20, RERhIn2,
RERhIn5, and RE2RhIn8 for a variety of rare earth elements. The crystal chemistry
and the properties of these intermetallics have recently been reviewed [1, 2]. Also,
some RExRhyInz compounds occur, which have only one representative within the
rare earth series. YbRhIn4 [3] and EuRh2In8 [4] belong to this class of compounds.
They contain divalent ytterbium and europium and consequently they adopt

� Corresponding author. E-mail: pottgen@uni-muenster.de



another structure type than the compounds with a trivalent rare earth element. With
scandium, the smallest rare earth metal, the indide Sc3Rh1.594(9)In4 [5] is formed.
The latter crystallizes with a new superstructure of the Lu3Co1.87In4 type [6] which
results from a puckering effect. Another peculiar compound is La1.18Rh3In2 [7].
Here, the rhodium and indium atoms build up a rigid three-dimensional network in
which the lanthanum atoms fill larger hexagonal channels in a modulated fashion.

Currently we investigated the Gd–T–In (T¼ late transition metal) systems in
more detail with respect to structure-property relations [8–12]. Such gadolinium
based materials may exhibit relatively high magnetic ordering temperatures and
they may find application for magnetic refrigeration devices, since they often
exhibit enhanced adiabatic temperatures [13–15].

During the phase analytical studies we obtained a hexagonal compound with the
tentative composition Gd3Rh2In4 with lattice parameters close to those of ZrNiAl
type GdRhIn [16, 17]. The higher indium content in Gd3Rh2In4, with respect to
GdRhIn, led to a larger a and a smaller c lattice parameter. It came out, that
Gd3Rh1.940(7)In4 is isostructural to Lu3Co1.87In4 [6]. The preparation, structure refine-
ment, and crystal chemistry of this new gadolinium based indide are reported herein.

Discussion

The new indide Gd3Rh1.94In4 crystallizes with the Lu3Co1.87In4 structure [6]. This
structure type derives from the well known ZrNiAl type [18–20]. As an example
we present a projection of the HoRhIn structure [17] onto the xy plane in Fig. 1.
The 2c Rh2 position of HoRhIn splits into two one-fold positions, 1c and 1e
(Fig. 2), that are occupied by the In1 and Rh2 atoms, respectively, in the new
gadolinium compound. Thus, the symmetry reduction from P�662m to P�66 is caused
by a different coloring on that site.

As emphasized in Fig. 1, the overall geometrical motif in this family of in-
termetallic compounds are tricapped, centered trigonal prisms: [Rh1In6Ho3] and

Fig. 1. Projections of the HoRhIn and Gd3Rh1.940(7)In4 structures onto the xy planes; all atoms lie on

mirror planes at z¼ 0 (thin lines) and z¼ 1=2 (thick lines); rare earth metal, rhodium, and indium

atoms are drawn as gray, filled, and open circles, respectively; some trigonal prismatic building

groups and relevant interatomic distances are indicated
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[Rh2Ho6In3] in HoRhIn and [Rh1In26Gd3], [Rh2Gd6In23], and [In1Gd6In23] in
Gd3Rh1.94In4. Due to the different coloring of the atoms centering the Gd6 prisms,
we observe significant differences in the edge lengths of the triangular basis of the
prisms. If an In1 atom centers the prism, the edge length is 447 pm, as compared to
380 pm, if the smaller Rh2 atoms fill such a prism. For comparison, in HoRhIn,
where only rhodium atoms center the Ho6 prisms, the Ho–Ho distance is 393 pm.

Due to the In1 atoms centering the Gd6 prisms we observe a different indium
substructure in Gd3Rh1.94In4. Whereas only In3 triangles with In–In distances of
333 pm occur in HoRhIn, we now observe a two-dimensional indium substructure
in Gd3Rh1.94In4 with shorter In1–In2 (297 pm) and longer In2–In2 (343 pm) distances.
Especially the In1–In2 distances are significantly shorter than the In–In distances in
tetragonal body-centered indium (4�325 and 8�338 pm) [21]. With the smaller scan-
dium atoms in Sc3Rh1.594In4 one observes even shorter In1–In2 distances of 290 pm.

The two-dimensional indium network is connected in the third direction via
short Rh1–In2 contacts (276 pm) which are close to the sum of the covalent radii of
275 pm [22]. Also the Rh2 atoms contribute to this network, however, the Rh2–In2
distances of 296 pm are somewhat larger. Together, the rhodium and indium atoms
build up a three-dimensional [Rh1.94In4] network, in which the gadolinium atoms
are located in distorted pentagonal channels. The shortest contact of the gado-
linium atoms to the polyanionic network occurs via the Gd–Rh2 bonds at 291 pm.
For further details on the crystal chemistry and chemical bonding in ZrNiAl related
intermetallic compounds we refer to the recent literature [5, 23–25].

Experimental

Synthesis

Starting materials for the preparation of Gd3Rh2In4 were gadolinium ingots (Johnson Matthey), rho-

dium powder (ca. 200 mesh, Degussa-H€uuls), and indium tear drops (Heraeus), all with stated purities

Fig. 2. Group-subgroup scheme in the B€aarnighausen formalism [28, 29] for the structures of

HoRhIn [17] and Gd3Rh1.940(7)In4; the evolution of the atomic parameters is shown at the right-

hand part; the 1b Rh1 site in Gd3Rh1.940(7)In4 is occupied by only 94.0(7)%
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better than 99.9%. In a first step, pieces of the gadolinium ingot were melted under 600 m bar argon to

a small button in an arc-melting furnace [26]. The argon was purified over titanium sponge (900 K),

silica gel, and molecular sieves. The pre-melting procedure reduces shattering during the subsequent

reaction with rhodium and indium. The gadolinium button was then mixed with a cold-pressed pellet

(? 6 mm) of rhodium and pieces of the indium tear drops in the ideal 3:2:4 atomic ratio and arc-

melted. The product button was remelted three times in order to ensure homogeneity. Gd3Rh1.940(7)In4

crystallizes directly from the melt. The surface of the arc-molten button was covered with many lath-

shaped crystals (Fig. 3). The latter, however, had bad quality for X-ray diffraction.

The button was subsequently placed in a corundum crucible, sealed in an evacuated silica ampoule

and first heated within 3 h to 1295 K, kept at that temperature for 3 h, and then cooled at a rate of 5 K=h

to 1070 K. In a second step the ampoule was cooled to 770 K at a rate of 15 K=h and finally within 7 h

to room temperature. The brittle product (see cracks in Fig. 3) showed no reaction with the container

material. The polycrystalline button and small single crystals are light gray with metallic luster.

Powders are dark gray. The sample is stable in moist air over months.

Scanning Electron Microscopy

The single crystals investigated on the diffractometer and the bulk sample have been analyzed by EDX

measurements using a LEICA 420 I scanning electron microscope with gadolinium trifluoride, rhodium,

and indium arsenide as standards. No impurity elements were detected. Various point analyses on the

crystals revealed the composition 35 � 2 at.-% Gd: 21 � 2 at.-% Rh: 44 � 2 at.-% In, close to the

values obtained from the structure refinement.

X-Ray Film Data and Structure Refinement

The arc-melted and the annealed sample were analyzed through a Guinier powder pattern using Cu

K�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 hexagonal lattice parameters

(Table 1) were obtained from a least-squares refinement of the powder data. The correct indexing

of the pattern was ensured through an intensity calculation [27] using the atomic positions obtained

from the structure refinement. The lattice parameters derived from the single crystal and the

powder agree well.

Lath-shaped single crystals of Gd3Rh1.940(7)In4 were isolated from the annealed sample by mechan-

ical fragmentation and examined by Laue photographs on a Buerger precession camera (equipped with

an imaging plate system, Fujifilm BAS-1800) in order to establish suitability for intensity data collec-

tion. Intensity data were recorded at room temperature by use of a Stoe IPDS-II image plate diffrac-

tometer. A numerical absorption correction was applied to the data. All relevant crystallographic

details for the data collection and evaluation are listed in Table 1.

Fig. 3. Scanning electron micrograph of the surface of an arc-molten button of Gd3Rh2In4
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The refined hexagonal unit cell parameters and the intensity distribution indicated similarity with

the ZrNiAl type structure of GdRhIn [16], space group P�662m. Refinement of the structure in that space

group, assuming the atomic parameters of HoRhIn [17] as starting values revealed an enhanced

residual ðR1 � 0:12Þ and an extremely large U22 value for the gadolinium site. Also it turned out

that the unit cell of the Gd3Rh1.940(7)In4 sample shows a larger a and a smaller c parameter as compared

to GdRhIn. Furthermore, careful analyses of the diffractometer data set revealed low hexagonal Laue

symmetry for the Gd3Rh1.940(7)In4 crystal, similar to the structure of Lu3Co1.87In4 [6], space group P�66.

Thus we observe a translationengleiche symmetry reduction of index 2 (t2) from space group P�662m to

P�66. Consequently we have calculated the atomic parameters for the lower symmetry model, as

indicated in the B€aarnighausen tree [28, 29] in Fig. 2. Subsequent refinement of the structure using

SHELXL-97 [30] (full-matrix least-squares on Fo
2) with anisotropic displacement parameters for all

atoms did not drop the residual significantly. Similar to the Sc3Ni2.10In3.60 crystal [5] we observed

merohederic twinning due to the translationengleiche symmetry reduction of index 2. We have then

introduced the twin matrix (010 100 00�11) and refined the structure again, resulting in a twin ratio

62.5=37.5 and a very low weighted residual (see Table 1). Since rhodium and indium differ only by

four electrons, the occupancy parameters were refined in a separate series of least-squares cycles.

The Gd, Rh2, In1, and In2 sites were fully occupied within one standard deviation, while the Rh1

Table 1. Crystal data and structure refinement for Gd3Rh1.940(7)In4 with Lu3Co1.87In4 type structure,

space group P�66; Z¼ 1

Empirical formula Gd3Rh1.940(7)In4

Molar mass 378.95 g=mol

Unit cell dimensions a¼ 781.4(5) pm

(Guinier powder) c¼ 383.8 (3) pm

Calculated density 9.30 g=cm3

Crystal size 15�15�35�m3

Detector distance 60 mm

Exposure time 35 min

! range; increment 0–180�; 1.0�

Integr. param. A, B, EMS 13.5; 3.5; 0.012

Transm. ratio (max=min) 1.81

Absorption coefficient 39.2 mm�1

F(000) 478

� range 3� to 35�

Range in hkl �12, �12, �5

Total no. reflections 3068

Independent reflections 648 (Rint¼ 0.0328)

Reflections with I>2�(I) 635 (R�¼ 0.0209)

Data=parameters 648=22

Goodness-of-fit on F2 1.197

Final R indices [I>2�(I)] R1¼ 0.0150

wR2¼ 0.0284

R indices (all data) R1¼ 0.0156

wR2¼ 0.0285

Twin matrix 010 100 00�11

BASF 0.375(1)

Flack parameter �0.01(2)

Extinction coefficient 0.0021(3)

Largest diff. peak and hole 1.11=�1.20 e=Å3
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site shows small defects, similar to Sc3Rh1.594In4 [5] and Lu3Co1.87In4 [6]. Thus, the occupancy

parameter of Rh1 was refined as a least-squares variable in the final cycles. Refinement of the

correct absolute structure was ensured through refinement of the Flack parameter [31, 32]. A final

difference Fourier synthesis was flat. The refined atomic parameters and interatomic distances are

listed in Tables 2 and 3. Further details on the structure refinement may be obtained from Fachin-

formationszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen (Germany), by quoting the

Registry No. CSD-415252.

As is evident from Table 2, the Rh1, In1, and In2 atoms show a U33 displacement parameter that is

about two times larger than the U11 and U22 parameter. This might be indicative for a violation of the

mirror planes perpendicular to the c axis, similar to the structure of Sc3Rh1.594In4 [5], where a doubling

of the c parameter was observed. Careful examination of the image plate data set, however, did not

reveal additional reflections, nor diffuse scattering in the c direction.
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Table 2. Atomic coordinates and isotropic displacement parameters (pm2) of Gd3Rh1.940(7)In4; Ueq is defined as one

third of the trace of the orthogonalized Uij tensor; the anisotropic displacement factor exponent takes the form

�2�2½ðha�Þ2
U11 þ � � � þ 2kha�b�U12�; U13¼U23¼ 0

Atom Wyck. Occ. x y z U11 U22 U33 U12 Ueq

Gd 3k 1.00 0.41594 (7) 0.03017 (5) 1=2 134 (2) 106 (2) 94 (1) 55 (1) 114 (1)

Rh1 1b 0.940 (7) 0 0 1=2 111 (4) U11 212 (7) 55 (2) 144 (4)

Rh2 1e 1.00 2=3 1=3 0 103 (3) U11 84 (6) 52 (1) 97 (2)

In1 1c 1.00 1=3 2=3 0 84 (3) U11 202 (6) 42 (1) 123 (2)

In2 3j 1.00 0.74729 (8) 0.0015 (1) 0 126 (3) 98 (2) 199 (3) 49 (2) 144 (1)

Table 3. Interatomic distances (pm) of Gd3Rh1.940(7)In4, calculated with the powder lattice param-

eters; standard deviations are all equal or less than 0.3 pm; all distances within the first coordination

spheres are listed

Gd: 2 Rh2 291.4 In1: 3 In2 297.4

1 Rh1 313.9 6 Gd 321.5

2 In1 321.5 In2: 2 Rh1 275.8

2 In2 324.1 1 Rh2 295.9

2 In2 331.9 1 In1 297.4

2 In2 346.6 2 Gd 324.1

2 Gd 379.8 2 Gd 331.9

2 Gd 383.8 2 In2 343.0

Rh1: 6 In2 275.8 2 Gd 346.6

3 Gd 313.9

Rh2: 6 Gd 291.4

3 In2 295.9
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