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Summary. The erbium—cobalt—indide ErsCos 19¢1)Inggi(1)
was prepared by arc-melting of the pure elements. Single
crystals were obtained through a special annealing proce-
dure. ErgCos 19(1)Ing s1(1) crystallizes with the orthorhombic
HogCo,Ga structure: Immm, a=934.3(1), b=936.4(1),
¢=985.4(1) pm, wR2=0.0557, 892 F? values, and 35 vari-
able parameters. The structure contains two crystallographi-
cally independent Co, dumb-bells at Co—Co distances of 223
and 236 pm, respectively. Further structural motifs are dis-
torted octahedral Erg clusters (336—401 pm Er—Er) which
are condensed to a three-dimensional network via all corners.
The In2 atoms have a distorted icosahedral erbium coordina-
tion (329-355 pm In2-Er). These icosahedra show an orthor-
hombically distorted bcc packing.

Keywords. Indium compounds; Intermetallics; Crystal
chemistry.

Introduction

Three main motifs of chemical bonding can be dis-
tinguished for the large family of rare earth (RE) —
transition metal (7) — indium compounds RE,T,In,
[1]. Most RE,T;In, compounds with a sufficiently
high transition metal and indium content build up
two- or three-dimensional [7,In,] networks with sig-
nificant covalent 7-In bonding. The more electropos-
itive rare earth metal atoms fill cages or channels
left by these networks. A special case of these net-
works concerns the indium-rich materials, where the
indium substructures already resemble the structure
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of elemental indium, i.e. distorted bcc indium frag-
ments occur. Prominent examples are the indides
RETIn, [2, 3], EuRhyIng [4], or RETIns [5-7, and
refs. therein]. These materials have intensively been
investigated with respect to their structural chemistry
and physical properties and the literature has been
reviewed recently [1].

When going to the transition metal-rich and rare
earth metal-rich parts of the phase diagrams RE—T-In,
only few structural information is available. The
T-rich materials show strong clustering of the transi-
tion metal atoms, resulting in 1D-, 2D-, or 3D cluster
units [8, 9, and refs. therein]. The rare earth metal-
rich indium compounds display the typical structural
chemistry of intermetallics compounds. Most atoms
have high coordination numbers and the complex
structures can be described by simple packing motifs
of polyhedra [10, 11]. So far, the RE-rich phases
RE)Nigln (RE=Y, La, Pr, Nd, Sm, Gd) and
RE{,Cogln (RE=La, Pr, Nd, Sm) with Sm,NigIn
type [10-12], RE¢CosIn (RE=Sc, Y, Sm, Gd—Ho,
Tm, Lu) with HogCo,Ga structure [11, 13-15],
RE14C03IH3 (RE:Y, Gd—Tm, Lu) [16—18] and
RE14NizIn; (RE=Sc, Y, Gd-Tm, Lu) [19] with
Lu14C021n3 type, ErsNizln and Tm4_g3(3)Ni21n1417(3)
[20] with MosSiB, structure, and the series RE;,Pt;In
(RE=Ce, Pr, Nd, Gd, Ho) [21] have been reported.
During our recent investigation of the Er—Co-In
system we obtained the new erbium-rich indide
Er6CO2.19InO.81 reported herein.
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Discussion

The crystal structure of ErgCo, 19Ing g (Tables 1-3)
completes the series of RE¢Co,In indides [11, 13—
15]. These compounds adopt all the orthorhombic
HogCo,Ga type structure [25], space group Immm.
The course of the cell volumes of the RE;Co,In
series is presented in Fig. 1. Three features need
to be mentioned: (i) the volume of the scandium

Table 1. Crystal data and

EreCos.19(1)Ing 11y

structure refinement for

Empirical formula

EreCos.19¢1)Ing 811

Structure type HogCosGa

Z 4

Molar mass 1236.24 g /mol
Space group Immm

Unit cell dimensions
(single crystal data,
high angle refinement)

a=934.3(1) pm
b=936.4(1) pm
c=985.4(1) pm

V=0.8621nm’
Calculated density 9.53g/cm’
Crystal size 60 x 60 x 80 im’
Transm. ratio (max/min) 0.265/0.035
Absorption coefficient 64.0mm™!
F(000) 2044
f range 3° to 35°
Range in hkl +14, £15, £15
Total no. of reflections 6494

Independent reflections
Reflections with 1>20(])

1068 (Rin = 0.0455)
892 (R, = 0.0350)

Data/parameters 892/35

Goodness-of-fit on F> 0.968

Final R indices [I>20(])] R1=0.0250
wR2 = 0.0540

R indices (all data) R1=0.0346
wR2 =0.0557

Extinction coefficient 0.00143(6)

Largest diff. peak and hole

3.34/—451e/A3
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compound is the by far smallest in the whole series,
(i1) the yttrium volume fits in between the volumes
for the gadolinium and terbium compound, and (iii)
the deviation from a smooth curve manifests the
small homogeneity ranges RE¢Co, , ,In; _,. Besides
the indides, also the gallides REsCo,Ga and
RE¢Ni,Ga [26], some stannides REgNi,Sn [26], and
the plumbides REsCo,  .Pb; _, (RE=Y, Gd-Tm,
Lu) and REGNi,  Pb;,_, (RE=Tb-Tm, Lu) [27]
have been reported. All indides show nearly the
same composition for the crystals investigated,
i.e. HogCos 13slngges [13], ErgCos jolngg; and
ScgCos.18lng g5 [15]. This is also supported by the
preparative work of Canepa et al. [14]. They only
obtained homogeneous samples of the gadolinium
based compound for a composition GdgCo, »Ing g.
The plumbides differ from this behavior. Most of
them additionally show defects on the 4; transition
metal sites [27]. The reasons of the complex crys-
tal chemistry of these materials certainly result from
a complex interplay of geometric and electronic
factors.

Figure 2 gives two different views of the
ErgCos 19lng g; structure approximately along the
¢ axis. The condensed distorted Erg octahedra are
emphasized in the right-hand part of that figure.
These empty octahedra are connected via all corners.
The Er—Er distances cover the broad range from 336
to 401 pm. Some of these distances are even shorter
than in Acp erbium [28] (6 x 347 and 6 x 356 pm), and
we can safely assume a significant degree of Er—Er
bonding, as expected for such a lanthanoid-rich com-
pound. Similar range of RE—-RE distances also occurs
for the RE;4Coszln; [16—18] compounds. The Er3
site has slightly enhanced displacement parameters
(U =63(2), Upy=129(2), and Us3 = 177(2) pm?),

Table 2. Atomic coordinates and isotropic displacement parameters (pmz) of ErgCoy 19(1yIng 81(1); Ueq is defined as one third of
the trace of the orthogonalized Uj; tensor

Atom Wyckolff site Occ. X y z Ueq
ErsCos.19¢1)Ing.81(1y

Erl 8n 1.00 0.28517(5) 0.18704(4) 0 85(1)
Er2 8m 1.00 0.30039(4) 0 0.31540(4) 68(1)
Er3 8! 1.00 0 0.20469(4) 0.22920(5) 123(1)
Col 4j 1.00 1/2 0 0.1132(2) 84(3)
Co2 4g 1.00 1/2 0.1262(2) 1/2 105(3)
Inl 2a 0.64(1) 0 0 0 117(5)
Co3 2a 0.36 0 0 0 117
In2 2c 1.00 0 0 1/2 68(2)
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Table 3. Interatomic distances (pm) in ErgCos 19¢1)In0.81(1);
standard deviations are all equal or less than 0.4 pm; all
distances within the first coordination spheres are listed; M
denotes 64% Inl + 36% Co3 (see Table 2)

Erl: 2 Col 288.8 Er3: 1 Co2 2759
1 Co2 318.7 1 M 296.2
1 M 318.8 1 Col 3172
2 Er3  349.0 1 In2 328.6
2 Er3  349.7 2 Er2 3364
1 Erl 350.3 2  Erl 349.0
2 Er2 354.1 2 Erl 349.7
1 In2 355.2 2 Er2 3503
2 Er2 3570 1 Er3 383.3
1 Erl 4014 Col: 1 Co 223.0
Er2: 1 Co 272.9 2  Er2 272.9
2 Co 286.1 4 FErl 288.8
1 In2 334.5 2 Er3 317.2
2 Er3 3364 Co2: 1 Co 236.3
2 Er3 3503 2 Er3 2759
2 Erl 354.1 4 Er2 286.1
2  Erl 357.0 2 Erl 318.7
1 Er2 363.8 M: 4 Er3  296.2
1 Er2 3730 4 Erl 318.8
2 Co 350.1
In2: 4 Er3  328.6
4 Er2 3345
4 Erl 3552
a
0.90 |- A
E
g 0.85
o) A Zaremba et al. [15]
Z 080 A Kalychak et al. [13] A
8 O Kalychak [11]
075 F Q Canepa et al. [14]
A @ this work, Guinier data
1 1 1 1 1 1 1 1 1 1 1 1 1
Sc Y Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 1. Plot of the cell volumes of the orthorhombic indides
RE6C02 +xInl —x

however, this site is fully occupied. This behaviour
is most likely a consequence of the shorter Er3—M
distance (296 pm) as compared to Erl1-M (319 pm),
caused by the In1/Co3 mixing.

Between the 3D network of Erg octahedra we
observe two crystallographically independent Co,
dumbells, the In2 and the mixed occupied Inl/Co3
sites (Fig. 2). The Col, dumb-bells (223 pm) extend
in the ¢ and the Co2, dumb-bells (236 pm) within the
b direction. Both Co—Co distances are significantly
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Fig. 2. View of the ErgCo; 19Ingg; structure approximately
along the z axis; erbium, cobalt, and indium atoms are drawn
as grey, filled, and open circles, respectively; the mixed-oc-
cupied In1/Co3 site at the origin of the cell is shown with
segments; the distorted erbium icosahedra around the In2
atoms are emphasized in the left hand drawing and the dis-
torted octahedral erbium clusters and the two crystallogra-
phically independent Co, dumb-bells are emphasized in the
right-hand part

smaller than the average Co—Co distance of 250 pm
in hcp cobalt [28], and we can assume strong Co—Co
bonding within these units.

The In2 atoms have distorted icosahedral erbium
coordination (Fig. 2) in an orthorhombic body-cen-
tered packing. These icosahedra fill the space left by
the network of erbium octahedra. For further crystal
chemical details we refer to Ref. [15].

Experimental

Synthesis

Starting materials for the preparation of ErgCo,In were erbium
ingots (Johnson-Matthey), cobalt powder (Sigma-Aldrich,
100 mesh), and indium tear drops (Johnson-Matthey), all with
stated purities better than 99.9%. A sample of the nominal
composition of ErgCo,In was synthesized from the pure ele-
ments by arc-melting [22]. In the first step the larger erbium
ingots were cut into smaller pieces under paraffin oil. They
were subsequently washed with n-hexane and kept under
argon atmosphere prior to use. The paraffin oil and n-hexane
have been dried over sodium wire. The argon was purified
before over titanium sponge (900 K), silica gel, and molecular
sieves. The amount of cobalt powder was cold-pressed to a
small pellet (J =6 mm).

The erbium pieces were then arc-melted to small buttons
under an argon atmosphere. Subsequently the melted erbium
button was mixed with the cold-pressed cobalt pellet and
pieces of the indium tear drops in the ideal 6:2:1 atomic ratio
and arc-melted. The sample was re-melted three times in order
to ensure homogeneity. The total weight loss after the melting
procedures was smaller than 0.5 wt%. After the arc-melting pro-
cedure the sample was obtained only in polycrystalline form.

Single crystals were grown via a special annealing mode.
First the arc-melted sample was powdered and cold-pressed
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into a pellet. Next, the sample was put in a small tantalum
container that has been sealed in an evacuated silica tube as an
oxidation protection. The ampoule was first heated to 1300 K
within 6h and held at that temperature for another 6 h. Sub-
sequently the temperature was lowered at a rate of 4K/h to
1100K, then at a rate of 10K/h to 800K, and finally cooled
to room temperature within 10h. After cooling, the samples
could easily be separated from the tantalum container. No re-
action of the sample with tantalum could be detected. As a
result, single crystals of irregular shape were obtained and
they exhibited metallic lustre.

Scanning Electron Microscopy

The single crystal investigated on the diffractometer has been
analyzed by EDX measurements using a LEICA 420 I scanning
electron microscope with ErF;, elemental cobalt, and InAs as
standards. No impurity elements were detected. Various point
analyses on the crystal revealed the composition 65 £ 3 at%
Er: 29 &+ 3 at% Co: 6 & 3 at% In, close to the values obtained
from the structure refinement. The standard uncertainty ac-
counts for the analyses at different points of the irregularly
shaped crystal.

X-Ray Film Data and Structure Refinement

The sample was characterized through a Guinier powder pat-
terns using Cu Ko; radiation and a-quartz (a=491.30,
¢=1540.46 pm) as an internal standard. The Guinier camera
was equipped with an imaging plate system (Fujifilm BAS-
1800). The orthorhombic lattice parameters (a=934.2(2),
b=935.7(3), ¢=984.2(3) pm) were deduced from least-
squares fits of the powder data. The correct indexing of the
powder pattern was ensured through an intensity calculation
[23] using the atomic positions obtained from the structure
refinement. Since the a and b lattice parameters were almost
identical, additionally the lattice parameters of the single crys-
tal were refined from 25 carefully centered high-angle reflec-
tions leading to the data listed in Table 1.

Small, irregularly shaped single crystals of ErgCo,In were
selected from the annealed sample and first 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 were
collected at room temperature by use of a Stoe IPDS-II dif-
fractometer with graphite monochromatized Mo Ko radiation.
The absorption corrections were numerical. All relevant crys-
tallographic details for the data collection and evaluation are
listed in Table 1.

The isotypy of ErgCo,In with the neighbouring REsCo,In
compounds [11, 13—-15] was already evident from the Guinier
data. The atomic positions of ScsCo, 13Ing g [15] were taken as
starting values and the structure was refined using SHELXL-97
(full-matrix least-squares on F, 12) [24] with anisotropic atomic
displacement parameters for all sites. Similar to the scandium
compound, the 2a site also shows some Co/In mixing. This
occupancy parameter was refined as a least-squares variable in
the final cycles, leading to the composition ErgCo3 19¢1)Ino g1(1)
for the investigated crystal. All other sites were fully occu-
pied within two standard uncertainties. The refinement went

V. 1. Zaremba et al.

smoothly to the residuals listed in Table 1. A final differ-
ence Fourier synthesis revealed no significant residual peaks
(Table 1). The positional parameters and interatomic distances
are listed in Tables 2 and 3. Further details on the structure
refinement may be obtained from Fachinformationszentrum
Karlsruhe, D-76344 Eggenstein-Leopoldshafen (Germany),
by quoting the Registry No. CSD-416647.
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