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a b s t r a c t

Single phase powder samples and single crystals of Zr2Ir6B were successfully synthesized by arc-

melting the elements in a water-cooled copper crucible under an argon atmosphere. Superstructure

reflections were observed both on powder and on single crystal diffraction data, leading to an eightfold

superstructure of ZrIr3Bx phase. The new phase, which has a metallic luster, crystallizes in space group

Fm3m (no. 225) with the lattice parameters a=7.9903(4) Å, V=510.14(4) Å3. Its crystal structure was

refined on the basis of powder as well as single crystal data. The single crystal refinement converged to

R1=0.0239 and wR2=0.0624 for all 88 unique reflections and 6 parameters. Zr2Ir6B is isotypic to Ti2Rh6B

and its structure can be described as a defect double perovskite, A2BB0O6, where the A site is occupied by

zirconium, the B site by boron, the O site by iridium but the B0 site is vacant, leading to the formation of

empty and boron-filled octahedral Ir6 clusters. According to the result of tight-binding electronic

structure calculations, Ir–B and Ir–Zr interactions are mainly responsible for the structural stability of

the phase. According to COHP bonding analysis, the strongest bonding occurs for the Ir–B contacts, and

the Ir–Ir bonding within the empty clusters is two times stronger than that in the BIr6 octahedra.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

Among the large family of perovskites, a group of cubic
intermetallic perovskites with the general formula AM3X [1],
where A and M are metals and X is B, C, or N have drawn a great
deal of attention lately due to their interesting physical properties
[2–5]. YRh3B possesses the hardness value of 8 GPa [6], whereas
YRh3B [7] and MgNi3C [8] are superconductors with transition
temperatures of 0.8 and 8 K, respectively. They all crystallize with
the simple cubic perovskite structure in space group Pm3m

(no. 221).
The majority of the boron-containing phases usually show a

boron non-stoichiometry and are often reported as AM3Bx

(0oxr1) [1,6,9,10]. Up to now, superstructure reflections have
not been reported in the X-ray powder or single crystal diffraction
data of these phases. As a consequence boron ordering is rare. In
fact the observation of these superstructure reflections may lead
to a change in the chemical formula depending on the obtained
space group as already demonstrated in the perovskite family of
oxides [11]. Ti2Rh6B (vacant double perovskite-like, space group
Fm3m, no. 225) [12] is the first phase where a boron ordering was
observed due to the presence of the 1/2 1/2 1/2-type super-
structure reflections in both X-ray single crystal and powder
ll rights reserved.
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diffraction data. However, electron diffraction patterns have also
revealed the presence of the same type of superstructure
reflections together with some satellite ones in CeRh3Bx

(0.4rxr0.5) [13] and ScRh3Bx (0.5rxr0.75) [14] phases. These
findings indicate that the structures of these non-stoichiometric
perovskite borides are actually only the average structures. Even
in CePd3B0.13 the eithfold superstructure (Ce8Pd24Sb-type[15])
found in related Ce8Pd24M (8xCePd3M0.13) phases (M=Al, Ga, In,
Ge, Sn, Pb), was not observed [16]. ZrIr3Bx (0oxr0.5) synthe-
sized in the late 1970s make no exception as it was structurally
described also as a simple cubic perovskite [10]. We have been
able to synthesize high quality powder samples and single
crystals for the composition with x=0.5 and its X-ray single
crystal and powder diffraction data show the 1/2 1/2 1/2-type
superstructure reflections. Herein we report on the synthesis,
crystal and electronic structure of Zr2Ir6B.
2. Experimental

2.1. Synthesis

Polycrystalline samples and single crystals of Zr2Ir6B were
synthesized by arc-melting the elements in a water-cooled copper
crucible under an argon atmosphere using a tungsten tip as a
second electrode. The starting materials, zirconium (powder,
99.9%, Alfa Aesar), iridium (powder, 99.95%, Alfa Aesar) and boron

www.elsevier.com/locate/jssc
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Table 1
Crystallographic and structure refinement data of Zr2Ir6B.

Formula Zr2Ir6B

Formula weight; F(0 0 0) 1346.45 g mol�1; 2188

Crystal size; color 0.08�0.04�0.03 mm3; silver

Space group; Z Fm3m (no. 225); 4

Lattice parameters a=7.9906(16) Å

V=510.20(18) Å3

Lattice parameters (powder data) a=7.9903(4) Å

V=510.14(4) Å3

Calc. density 17.529 g cm�3

Abs. correction Semi-empirical

Abs. Coefficient 159.58 mm�1

Tmin; Tmax 0.020; 0.087

Diffractometer Bruker APEX CCD, MoKa,

graphite monochromator

y-range 5.101ryr35.681

hkl-range �13rhr9

�11rkr13

�10r lr12

No. of reflections; Rint 1377; 0.0130

No. of independent reflections 88

No. of parameters 6

Refinement SHELX-97 [9], full matrix against F2

R1; wR2 (all I) 0.0239; 0.0624

GooF 1.369

Diff. peak/hole 2.454/–2.965 e Å�3

Fig. 1. Comparisons of calculated (ZrIr3B0.5 and Zr2Ir6B structural models) with

measured (Zr2Ir6B) X-ray powder patterns. An enlarged part of the diffractograms

shows some superstructure reflections (see asterisks).
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(amorphous powder, 99%, Fluka), were weighed in the respective
atomic ratios, pressed into pellets and arc-melted under argon
until homogeneous melting; the argon was purified prior to use
over silica gel, molecular sieves, and titanium sponge (950 K). The
reaction products were remelted several times to ensure good
homogeneity of the samples. Weight losses during the melting
process were negligible. A silver-like product with metallic luster
was obtained with several single crystals suitable for X-ray
structure analysis. The sample is stable in air as a compact bulk as
well as finely ground powder.

The purity of the sample was checked by X-ray powder
diffraction through Guinier powder diffractograms using CuKa1

radiation (l=1.54059 Å) and silicon as an internal standard.
The lattice parameters were refined on the basis of powder
data with the program WinXPOW [17]. The Zr:Ir ratio was
checked by energy-dispersive X-ray analysis (EDX) on a high-
resolution low-energy SEM of the type LEO 1530 (Oberkochen,
Germany) equipped with an EDX system of the type INCA (Oxford,
England).

2.2. Crystal structure determination

2.2.1. Rietveld refinement

A high quality powder diffractogram was measured (2y range:
15–1201, with 0.011 and 220 second per step) on a STOE STADI P
diffractometer equipped with a position sensitive detector (PSD),
using Germanium (1 1 1) monochromatized CuKa1 radiation
(l=1.54059 Å). The crystal structure was refined using the
Ti2Rh6B structural model by full-matrix least-squares refinement
implemented in the FULLPROF program [18].

2.2.2. Single crystal refinement

A single crystal of suitable size was fixed on top of a
glass capillary and X-ray data were collected on a CCD single-
crystal diffractometer (Bruker SMART APEX) with graphite-
monochromatized MoKa radiation (l=0.71073 Å). The X-ray
intensities were corrected with respect to absorption using a
semi-empirical procedure [19]. The crystal structure was solved
by direct methods and refined by full-matrix least-squares
refinement (based on F2 [20]) using anisotropic displacement
parameters for all atoms. All relevant crystallographic data and
experimental details of the data collection are listed in Table 1.
A listing of all refinement data and data collection is available.1

2.3. Electronic structure calculations

The all-electron, scalar-relativistic electronic structure calcula-
tions were performed using the linear muffin-tin orbital (LMTO)
method [21–24]. The electronic energy was calculated via
density-functional theory using the von Barth and Hedin para-
meterization of the local exchange-correlation potential [25].
Diagonalization and integration in reciprocal space were per-
formed with the help of an improved tetrahedron method [26]. All
calculations were checked for convergence of energies, orbital
moments, and calculated crystal orbital Hamilton populations
(COHP, [27]) with respect to the number of k points. The basis set
was composed of short-ranged [28] atom-centered TB-LMTOs as
provided by the TB-LMTO 4.7 program [29]. The atomic spheres
were sized, based on atomic Hartree potentials, at 1.948, 1.344
and 1.032 Å for Zr, Ir and B, respectively.
1 More details on the structure determination may be obtained from the

Fachinformationszentrum Karlsruhe (e-mail address: crysdata@fiz-karlsruhe.de),

D-76344 Eggenstein-Leopoldshafen, Germany, on quoting the CSD depository

number CSD 421246.
3. Results and discussion

3.1. Crystal chemistry

The observed powder X-ray diffraction pattern of Zr2Ir6B
showed, in addition to reflections of the ZrIr3B0.5 phase, also weak
reflections that could be indexed (see Fig. 1) and the refinement
leads to a doubling of the lattice parameter of ZrIr3B0.5 phase,
a=7.9903(4) Å. Because the same superstructure reflections were
observed in the Ti2Rh6B phase [12], its crystal structure was used
as model for the Rietveld refinement. After substituting Ti with Zr
and Rh with Ir the refinement converged easily (see Fig. 2) with
R-values lower than 3%. Energy-dispersive X-ray analysis on
several selected crystals confirmed the metal ratio used, as
expected from this single phase synthesis. In addition, these
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results were confirmed and further extended by single crystal
structure refinement. The lattice parameters obtained from the
single crystal data were nearly the same as those obtained from
powder analysis (see Table 1). The structure could be solved from
the single crystal data by direct methods. The subsequent
refinement yielded the residual R-values given in Table 1. All
atoms could be refined anisotropically (see Table 2). The doubling
of the lattice parameter a implies an eightfold superstructure of
the ZrIr3B0.5 simple cubic structure leading to 4 formula units in
the unit cell of Zr2Ir6B (see Fig. 3).

Since ZrIr3Bx has a homogeneity range (0oxr0.5), it is well
possible that Zr2Ir6B also shows a small homogeneity range. We
have therefore tried to refine the boron occupancy (both on the
single crystal and the powder data), but no significant deviation
from the title formula was observed. The atomic positions are
listed together with displacement parameters in Table 2. Table 3
provides a listing of selected bond lengths and respective ICOHP
values.

As mentioned above, Zr2Ir6B is isostructural with Ti2Rh6B, the
only difference being the replacement in the later of the 3d (Ti)
and 4d (Rh) transition metals by the corresponding next higher
analogues in the same group of the periodic table. This element
substitution induces an increase of the unit cell volume of Zr2Ir6B
by roughly 32 Å3, if compared to that of Ti2Rh6B. Two different
types of substitutions may also be imagined using these elements,
namely a combination of 3d with 5d or 4d with 4d transition
metals, leading, respectively, to the hypothetical ‘‘Ti2Ir6B’’
and ‘‘Zr2Rh6B’’ phases, whose volumes should lie between those
of Ti2Rh6B and Zr2Ir6B. The authors who discovered ZrIr3Bx

(0oxr0.5) also synthesize ZrRh3Bx (0oxr1) [10] but the
corresponding ‘‘TiIr3Bx’’ phase is still unknown. It is well possible
that the same superstructure reflections observed in this work can
also be found in a high quality diffraction pattern of ZrRh3B0.5,
Fig. 2. Rietveld refinement of the X-ray powder pattern of the Zr2Ir6B-product

showing measured and fitted intensities (top), the position of the Bragg peaks

(middle), and the difference intensity curve (bottom).

Table 2
Atomic coordinates and displacement parameters (Å2) of Zr2Ir6B.

Atom Wyckoff position x y

Zr 8c 1/4 1/4

Ir 24e 0.25526(5) 0

B 4b 0 0

Ueq is defined as 1/3 of the trace of the orthogonalized Uij tensors, U13=U23=U12=0.
which will then induce its formulation as ‘‘Zr2Rh6B’’. In fact, as
mentioned in the introduction, the structure of all intermetallic
boride phases crystallizing with the simple cubic perovskite
structure should be revised. However, the synthesis of high
quality powder or single crystal data is the prerequisite for the
observation of superstructure reflections.

In the crystal structure of Zr2Ir6B, zirconium occupies the
Wyckoff position 8c (see Table 2) and is surrounded by 12 iridium
atoms to form a cuboctahedron. Iridium occupies the position 24e

and is surrounded by four zirconium atoms and eight other
iridium atoms to also form a cuboctahedron but here one
quadratic face of the cuboctahedron is centered by a boron atom.
Boron lies at the position 4e and is octahedrally surrounded by six
iridium atoms.

The crystal structure of Zr2Ir6B can be described as a double
perovskite A2BB0O6 where the A site is occupied by zirconium, the
B site by boron, the O site by iridium but the B0 site is vacant. As
shown in Fig. 4a, isolated BIr6 octahedra adopt the motif of a face-
centered cubic structure. The resulting octahedral sites are vacant,
leading to the formation of empty Ir6 clusters (highlighted in
Fig. 4b), and both entities are linked with each other via their
corner iridium atoms.
3.2. Electronic structure and chemical bonding

The chemical bonding in Zr2Ir6B was investigated by LMTO
band structure calculations. The DOS in the valence region
exhibits significant iridium character with zirconium and boron
levels contributing slightly from �9 eV up to the Fermi level
(Fig. 5a). Because of the non-vanishing DOS at the Fermi level, the
phase is predicted to be a metal, as expected for this intermetallic
compound. The Fermi level lies ca. 1 eV below a deep pseudogap
z Ueq U11 U33=U22

1/4 0.0045(5) 0.0044(4) U11

0 0.0032(2) 0.0041(3) 0.0027(2)

0 0.026(9) 0.026(9) U11

Fig. 3. Comparison of the crystal structure of ZrIr3B0.5 (left) with its eightfold

superstructure Zr2Ir6B (right). In ZrIr3B0.5 (left) only the BIr6 octahedra are present

whereas in Zr2Ir6B (right) there are additional empty Ir6 octahedral clusters.
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Table 3
Selected bond lengths (d (Å)) and ICOHP (eV/bond) values of Zr2Ir6B and ZrIr3.

d (Å) ICOHP (eV/bond) Related example d (Å) ICOHP (eV/bond)

B–Ir 2.0396(6) �2.06 –

Zr–Ir 2.8254(6) �0.99 ZrIr3 2.788 �0.68

Ir–Ir (Ir6) 2.7654(8) �0.74 ZrIr3 2.788 �0.86

Ir–Ir (Ir6B) 2.8845(8) �0.37

Fig. 4. Perspective views of the crystal structure of Zr2Ir6B highlighting (a) the BIr6 octahedra and (b) the empty octahedral Ir6 cluster.

Fig. 5. (a) Total and partial DOS for Zr2Ir6B, COHP curves for (b) the six B–Ir bonds, (c) the twelve Zr–Ir bonds, (d) the twelve Ir–Ir bonds in the empty octahedral Ir6 cluster

and (e) the twelve Ir–Ir bonds in the BIr6 octahedron.
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in the DOS curve. Above the pseudogap, Zr valence orbitals show a
greater contribution to the DOS.

A quantitative bonding analysis is possible on the basis of the
shape and energy integrals (ICOHP) of the crystal orbital Hamilton
populations (COHP). These results are summarized in Fig. 5b–e
and Table 3, with ICOHP values for similar interatomic interac-
tions in the related binary phase ZiIr3 included for comparison.
The COHP curves in Fig. 5 indicate that B–Ir and Zr–Ir orbital
interactions are optimized in Zr2Ir6B: bonding orbitals are filled;
antibonding orbitals are empty. The two types of Ir–Ir contacts
show antibonding character around the Fermi level. This COHP
analysis suggests that it is the heteroatomic B–Ir and Zr–Ir bonds
that create the structural stability of Zr2Ir6B. In agreement with
this assessment, the largest ICOHP values are found for the B–Ir
and Zr–Ir contacts. The B–Ir distance, 2.04 Å, is even slightly
shorter than the sum of their covalent radii (2.09 Å), in line with
the strongest bonding interaction found for the B–Ir bond
(ICOHP=�2.06 eV, see Fig. 5b). An even shorter distance is found
in the simple cubic perovskite ScIr3B (2.00 Å) [30]. The ICOHP
value (�0.99 eV, see Fig. 5c) for Zr–Ir bond also indicates
significant orbital interactions, which occur in the binary inter-
metallic ZrIr3 [31] as well (see Table 3), and is reflected in the
average distance (2.82 Å) being shorter than the sum of metallic
radii for CN 12 (2.96 Å [32]). Concerning the Ir–Ir interactions
there exist two different types. First, one finds 12 short Ir–Ir
contacts of ca. 2.76 Å in the empty Ir6 cluster and, second, there
are other 12 but wider Ir–Ir contacts of 2.88 Å in the filled BIr6

octahedra. The analysis (Fig. 5d and e) evidences a net bonding
effect for both but the energy integral for the Ir–Ir contact in the
empty Ir6 cluster (ICOHP=�0.74 eV/ bond) is twice as large as
that of the same contact in the filled BIr6 octahedra (ICOHP=
�0.37 eV/ bond). The Ir–Ir bonding in the BIr6 octahedron is
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significantly weakened because too much electron density on
iridium has gone into the heteroatomic B–Ir and Zr–Ir bonds. We
also note that the 2.76 Å short (and strongly bonding) Ir–Ir contact
(in Ir6) is just slightly larger than the metallic iridium distance for
CN 12 (2.71 Å, [32]) but shorter than the observed value (2.79 Å)
in the empty Ir6 cluster present in ZrIr3 [31]. The much weaker
2.88 Å long Ir–Ir bond in the BIr6 octahedra may be compared
with even wider Ir–Ir distances such as those present in BIr6

trigonal prisms of Sc3Ir5B2 (2.95 Å, average) [33]. No Zr–Zr
bonding interactions were found. In ZrIr3, the ICOHP value of
the Ir–Ir interaction is much larger than that of Zr–Ir (see Table 3).
The reverse situation is observed in Zr2Ir6B, because much
electron densities on the iridium atom have been engaged in
the B–Ir bond, thereby weakening the Ir–Ir interactions.

The shapes of the DOS and COHP curves of this compound are
similar to those of the isotypic Ti2Rh6B phase. However, the
main difference between the two phases lies in the presence
of a pseudogap in the DOS curve of Zr2Ir6B, which is absent in
Ti2Rh6B.
4. Conclusions

We have successfully synthesized high quality powder
samples and single crystals of Zr2Ir6B by arc-melting stoichio-
metric amounts of the elements. Zr2Ir6B is, besides Ti2Rh6B, only
the second reported ordered intermetallic boride perovskite,
and its structure is described as a vacancy-containing double
perovskite characterized by empty Ir6 clusters and filled BIr6

octahedra. COHP analyses indicate that Ir–B and Zr–Ir interactions
are responsible for the structural stability of the phase. In
addition, there are likewise stronger Ir–Ir bonding interactions
in the Ir6 clusters than those present in the BIr6 octahedra. The
DOS predicts a metallic behavior for the compound with main
contributions from the iridium 5d states, and a pseudogap is
observed at ca. 1 eV above the Fermi level.
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