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Abstract

The new magnesium rhodium boron compound Mg8Rh4B has been synthesized by reaction of the metal powders with crystalline or

amorphous boron or the RhB precursor. The crystal structure of Mg8Rh4B was solved using single-crystal X-ray diffraction data (space

group Fd3m, a ¼ 12:1711ð4Þ Å, Z ¼ 8, 174 reflections, RF ¼ 0:016). The crystal structure can be described as a filled Ti2Ni type where the

interstitial sites 8b (1
2
; 1
2
; 1
2
), located at the center of two nested Mg4Rh4 tetrahedra, are occupied by boron atoms. Taking into account the

absence of the Ti2Ni-type phase in the binary Mg–Rh system, the boron atoms can be considered as stabilizing this structural motif.

From the bonding analysis with the electron localization function the crystal structure is described as covalently bonded [Rh4B]
3� anions,

embedded in a cationic magnesium matrix.

r 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The Ti2Ni type of crystal structure is frequently found
for binary intermetallic compounds of transition metals
with A2M composition (so-called Z phases). In rare cases,
the 16d position filled by the A component in Ti2Ni type is
occupied by the M component and the total composition
changes to AM. This derivative from the Ti2Ni structure
type is called NiCd [1]. The main feature of the Ti2Ni
structure type is the ability to incorporate non-metal
elements like H, C, N, O [2,3]. For this reason, the Z phases
have attracted recently significant attention as promising
hydrogen storage materials [4–10].

Some transition elements can form ‘‘pure’’ binary Z
phases without interstitial elements, e.g. Hf2Co, Hf2Mn
and Hf2Fe [6,7,11–13], other phases exist only in the
e front matter r 2005 Elsevier Inc. All rights reserved.
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presence of interstitial elements, e.g. Hf2PdOx, Hf2NiOx,
Ti2FeOx [11,13,14].
The most-widely known groups of Ti2Ni-type com-

pounds are subcarbides and suboxides of transition metals.
Neutron powder diffraction structure investigation of some
of Z-carbides and Z-oxides [10,14–16], and structure
determinations from single-crystal X-ray diffraction data,
performed for Zr4Ni2O, Nb6Ni6O, Zr6Ni4Ti2O0.6 and
Nb6Ni4Ta2O2 [17], show that oxygen or carbon atoms
partially occupy the octahedrally coordinated interstitial
sites. The large number of Ti2Ni-type transition metal
subcarbides allows in discussing the tendency of formation
of metal-carbon octahedra for different transition metals
[18,19].
The Mg2Rh(H,D)1.1 compound is the first representative

of the Ti2Ni structure type, stabilized by hydrogen
incorporation [20]. Neutron diffraction data refinement
reveals that the hydrogen and deuterium atoms mainly
occupy the tetrahedral interstitial voids, whereas the
octahedral voids exhibit much smaller partial occupation.
Two boron containing Ti2Ni-type compounds,

Nb2NiB0.16 [21] and Re3Al2B [22], were previously

www.elsevier.com/locate/jssc
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Table 1

Data collection and crystallographic information for Mg8Rh4B

Composition Mg8Rh4B

Crystal shape Irregular

Crystal size/mm3 0.025� 0.045� 0.09

Crystal system Cubic

Space group Fd3m

a/Å 12.1711(4)a

V/Å3 1803.0(2)a

Z 8

Radiation, l/Å MoKa, 0.71073
Max. sin y/l 0.749

Calculated density/g cm�3 4.547(1)

Absorption coefficient/cm�1 74.48

Measured reflections 3417

Independent reflections 176

Req 0.034

Reflections used for refinement 174

Number of parameters refined 12

Extinction coefficientb 0.00052(3)

R(F), R(F2) for F(hkl)X4s(F) 0.016, 0.020

Largest diff. peak (e� Å�3) 0.5

aFrom X-ray powder diffraction data.
bExtinction coefficient was refined as: k[1+0.001Fc2l3/sin(2y)]�1/4, k is

overall scale factor [58].
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reported. For both phases the boron incorporation can be
considered as stabilizing the Ti2Ni-type structure because
of the absence of binary Z phases in the Nb–Ni and Re–Al
systems [21,22]. The Ti2Ni type of the crystal structure for
Nb2NiB0.16 and Re3Al2B was established by X-ray powder
diffraction. A model for the crystal structure of Nb2NiB0.16

was proposed on the basis of the similarity of the X-ray
powder data with the Z phase Nb2NiEx, E ¼ C, N, O [23].
Boron atoms are suggested to occupy the octahedrally
coordinated interstitial sites. The Re3Al2B phase was
supposed to be isostructural with Mn3Ni2Si [24], the
crystal structure of which is characterized as a Ti2Ni-type
atom arrangement, where the position 16d is occupied by
silicon atoms. The boron atoms in Re3Al2B are assumed to
be located at the 16d position with octahedral coordina-
tion. However, for both compounds, Nb2NiB0.16 and
Re3Al2B, a precise determination of the boron atom
positions was not performed.

In this contribution we describe preparation and
chemical bonding of the new ternary magnesium rhodium
boron compound Mg8Rh4B, a first representative of the
Ti2Ni derivative with boron atoms occupying tetrahedral
voids.

2. Experimental

Mg8Rh4B samples were prepared starting from powders
of magnesium (Alfa Aesar, 99.8%) and rhodium (Chem-
pur, 99.9%), amorphous (Alfa Aesar, 99.99%) or crystal-
line boron (Alfa Aesar, 99.999%). The oxygen content in
the initial materials was determined by the carrier gas hot
extraction method (combined infrared and heat-conduc-
tion detector TC 436 DR/5, LECO, USA). The oxygen
content was found to be lower than the detection limit
(0.038wt%) in rhodium and crystalline boron powder,
0.05–0.2wt% in the magnesium powder and �4wt% in
amorphous boron.

The sample preparation was carried out in several steps.
First, the crystalline boron (Bcr) was converted into the
RhB precursor. For this purpose a fraction of Bcr with a
particle size p20 mm was arc-melted with the stoichio-
metric amount of Rh in an argon atmosphere. A formation
of the single-phase RhB was confirmed by X-ray powder
diffraction. The obtained rhodium monoboride was
ground in a tungsten carbide mortar and intimately mixed
with appropriate amounts of magnesium and rhodium
powders in an agate mortar, pressed into pellets and sealed
into tantalum containers (diameter 8mm, length 25mm).
All operations were performed in a glove box under argon
atmosphere (content of O2 and H2Op0.1 ppm). The
tantalum containers were sealed into evacuated silica
ampoules and annealed at 850–1000 1C for 3–7 days with
one intermediate re-grinding in argon atmosphere. The
ampoules were finally cooled in the furnace to 40 1C.

Phase identification and lattice parameter determination
were performed using room-temperature X-ray powder
diffraction data (image plate Guinier camera Huber G670,
CuKa1 radiation, l ¼ 1:540598 Å) with LaB6 as internal
standard (a ¼ 4:15690ð5Þ Å). The crystal structure was
determined using single-crystal X-ray diffraction data
collected with a Rigaku AFC 7 (Mercury CCD) diffraction
system. Crystallographic information and details of the
data collection are given in Table 1. All crystallographic
calculations were performed with the WinCSD program
package [25].
Differential thermal analysis (DTA) was carried out in

the range from room temperature to 1300 1C (STA 409,
Netzsch, thermocouple type S, 30–60mg per sample) in
niobium containers sealed in argon atmosphere with a
heating–cooling rate of 10K/min.
Metallographic investigation was performed on polished

samples with a Zeiss Axiotec 100 optical microscope
equipped with polarizer and analyzer. The whole setup,
including the polishing system, is located in an argon-filled
glove box in order to protect the material against reaction
with air and moisture [26]. The chemical composition was
analyzed with a Philips XL30 scanning electron microscope
equipped with an Edax Phoenix EDX detector. EDXS
measurements were performed with Mg–K and Rh–L lines
at three points for each phase.
Specimens for transmission electron microscopy were

prepared by crushing the polycrystalline sample Mg8Rh4B
in ethanol and placing the fragments on a carbon grid.
Electron diffraction (ED) patterns were obtained using a
Philips CM20 electron microscope.
Magnetisation was measured in a SQUID magnetometer

(MPMS-XL7, Quantum Design) in fields ranging from
20Oe to 70 kOe and temperatures between 1.8 and 400K.
The electrical resistance was determined by a conventional
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Fig. 1. X-ray powder diffraction pattern of Mg8Rh4B. Reflections of the

admixture phases are marked as stars (additional phase) and filled circles

(MgO).
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four-contact DC measurement between 3.8 and 320K.
Thin Pt wires were attached to the sample using silver-filled
epoxy glue. Due to the geometry of the samples an
inaccuracy of 750% is estimated for the absolute resisti-
vity values.

Electronic structure calculation and bonding analysis
were carried out using the TB-LMTO-ASA program
package [27]. The Barth–Hedin exchange potential [28]
was employed for the LDA calculations. The computation
was made for 8� 8� 8 k-points in an irreducible wedge of
the Brillouin zone. The tetrahedron method was imple-
mented for the integration over the Brillouin zone with
nine inequivalent tetrahedra. The radial scalar-relativistic
Dirac equation was solved to get the partial waves.
Although the calculation within the atomic sphere approx-
imation (ASA) includes corrections for the neglect of
interstitial regions and partial waves of higher order [29],
an addition of empty spheres for both compounds was
necessary. The following radii of the atomic and empty
spheres were applied for the calculations for the Mg8Rh4B
compound: rðMg1Þ ¼ 1:752 Å, rðMg2Þ ¼ 1:758 Å, rðRhÞ ¼
1:278 Å, rðBÞ ¼ 1:045 Å, rðEÞ ¼ 1:055 Å. A basis set con-
taining Mgð3s; 3pÞ, Rhð5s; 5p; 4dÞ and Bð2s; 2pÞ orbitals was
employed for a self-consistent calculation with Mgð3dÞ,
Rhð4f Þ and Bð3dÞ functions being downfolded.

The electron localization function (ELF, Z) was eval-
uated according to [30] with an ELF module implemented
within the TB-LMTO-ASA program package [27]. The
topology of ELF was analyzed using the program Basin
[31] with consequent integration of the electron density in
basins, which are bound by zero-flux surfaces in gradient
field. This procedure, similar to the one proposed by Bader
for the electron density [32], allows to assign an electron
count for each basin, revealing the basic information about
the chemical bonding.

3. Results and discussion

3.1. Synthesis and composition characterization

The Mg8Rh4B phase was obtained first by a direct
reaction of magnesium and rhodium powders and amor-
phous boron in tantalum containers sealed in argon
atmosphere at 1000 1C for 5 days. However, the prepared
samples contained about 5% of MgRh and 2–3% MgO
impurities. Amorphous boron was found to act as the
source of oxygen. Therefore crystalline boron was chosen
as much more suitable for preparing single-phase samples
in spite of its low reactivity. The difficulty of directly
reacting the initial materials is reflected by the difference in
their melting points [33]: Mg—650 1C, Rh—1960 1C, and
Bcr—2074 1C. In order to overcome this complication, RhB
(melting temperature 1140 1C) was used as a precursor for
synthesis.

The best Mg8Rh4B sample was prepared by heat
treatment of a mixture of RhB, Mg and Rh at 850 1C for
7 days followed by quenching in water. The obtained
sample contained the Mg8Rh4B phase with small amounts
of MgO (�1%) and an additional phase (�2%). The X-ray
powder diffraction pattern (Fig. 1) was indexed with a face-
centered cubic lattice and an unit cell parameter
a ¼ 12:1711ð4Þ Å. The phase composition of the prepared
sample was confirmed by metallographic analysis and
EDXS investigation. The main phase with a Mg/Rh ratio
of 1.99(3), which corresponds to Mg8Rh4B, was found
together with a small amount of the additional phase (cf.
XRD data above), because of very small size of the
particles of this, the composition could not be distin-
guished. According to the results of differential thermal
analysis, Mg8Rh4B decomposes at 1080 1C. The X-ray
diffraction pattern of the sample cooled down after melting
showed the presence of Mg8Rh4B together with Mg5Rh2
and MgRh, indicating an incongruent formation.
Single crystals of Mg8Rh4B suitable for X-ray analysis

were prepared by annealing the Mg8Rh4B sample at
1100 1C in a sealed tantalum container for 30min and
cooling down to 400 1C within 24 h. EDXS measurements,
performed on three different single crystals, resulted in a
metal ratio Mg=Rh ¼ 1:99ð14Þ, which agrees well with the
composition found in the bulk sample and with the results
of the crystal structure determination.

3.2. Structure determination of Mg8Rh4B

The reciprocal lattice of Mg8Rh4B was investigated by
electron diffraction. The electron diffraction patterns taken
along the most relevant zone axes are shown in Fig. 2. All
patterns can be completely indexed with a face-centered
cubic lattice and a unit cell parameter as determined from
X-ray powder diffraction. The following reflection condi-
tions were observed: h k l with hþ k ¼ 2n, k þ l ¼ 2n,
l þ h ¼ 2n; 0 k l with k ¼ 2n, l ¼ 2n, k þ l ¼ 4n; h h l with
hþ l ¼ 2n; h 0 0 with h ¼ 4n. The extinctions are compa-
tible with the space groups Fd3m and Fd3. The forbidden
reflections 0 0 l: la4n (e.g. 002), present on the [110]*
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Fig. 2. Electron diffraction patterns of Mg8Rh4B along [001]*, [110]* and

[111]*.
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pattern, are caused by multiple diffraction, as was
confirmed by the absence of these reflections in the [001]*
pattern.

The crystal structure was determined using single-crystal
X-ray diffraction intensities. Crystallographic data and
details of the data collection are listed in Table 1. The space
group Fd3m was chosen from intensity statistics for the
further structure solution and refinement. The initial
atomic coordinates of Rh and Mg atoms were determined
using direct methods. Boron atoms were located in the
difference Fourier map. The refinement of the crystal
structure was performed with an anisotropic description
for the atomic displacement parameters (ADP) of Mg and
Rh atoms, whereas the displacement for the boron position
was refined isotropically. The difference Fourier map after
refinement did not show any significant residual electron
density peaks, the value of the maximum difference
electron density peak was found to be 0.5 e� Å�3. Final
structural parameters are listed in Table 2 and selected
interatomic distances are presented in Table 3.

3.3. The crystal structure of Mg8Rh4B

The crystal structure of Mg8Rh4B belongs to the filled
Ti2Ni structure type. From a geometrical point of view the
structure can be described as two interpenetrating frame-
works formed by octahedra and tetrahedra. The octahedral
framework is constituted by Mg1 atoms at the 48f position
and contains two different types of (Mg1)6 octahedra. The
(Mg1)6-I octahedra around the 8a (0, 0, 0) position are
regular with an edge length of dðMg12Mg1Þ ¼ 3:431ð2Þ Å.
All (Mg1)6-I octahedra are isolated from each other
(Fig. 3a). The (Mg1)6-II octahedra with the centers at the
16c (1

8
; 1
8
; 1
8
) positions are strongly distorted and have edges

of two different lengths: 3.1649(5) Å and 3.431(2) Å. In the
ideal Ti2Ni structural motif the coordinates of the A1 metal
atom, occupying the 48f position, are ð0:1875; 0; 0Þ and the
coordinates of the A2 atom, occupying the 16d position,
are (58;

5
8;

5
8) [17]). The octahedra of type II are regular.

Shifting the A1 atom from its ideal position leads to a
distortion of the octahedra of type II. The (Mg1)6-II
octahedra share all vertices with each other (Fig. 3b) and
have four common lateral faces with the (Mg1)6-I
octahedra (Fig. 3c).
The tetrahedral framework is formed by the Rh4(Mg2)4

stellae quadrangulae [34] (Fig. 3d), which are the coordina-
tion polyhedron of the boron atoms (Fig. 4a). The Rh4
tetrahedra with an edge length of 3.2779(4) Å are centered
by the B atoms (dðRh2BÞ ¼ 2:0073ð3Þ Å). Each tetrahedral
face is capped by the Mg2 atom, which forms the second
coordination sphere around the boron atoms—the regular
tetrahedra (dðMg22Mg2Þ ¼ 4:3027ð1Þ Å, dðMg22BÞ ¼

2:6350ð4Þ Å, dðMg22RhÞ ¼ 2:7287ð3Þ Å). The interpene-
tration of the octahedral and tetrahedral frameworks is
shown in Fig. 3e.
The Mg1 atoms are situated inside the polyhedron

Rh4(Mg1)8(Mg2)2, which can be described as a bicaped
pentagonal prism with two additional atoms in front the
(Mg1)2(Mg2)2 side faces (Fig. 4b). The coordination
environment of the Mg2 atoms is composed of 12 metal
atoms situated at the corners of an icosahedron and two
boron atoms, placed in front of the triangular Rh3 faces
(Fig. 4c). Twelve metal atoms surrounding the Rh atom are
situated at the vertices of a distorted icosahedron with one
additional vertex occupied by a boron atom (Fig. 4d).
The new ternary compound Mg8Rh4B is considered as a

Ti2Ni structural motif stabilized by incorporation of boron
atoms. In the crystal structure of Nb2NiB0.16 [21] boron
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Table 3

Selected interatomic distances in Mg8Rh4B

Atoms Distance (Å) Atoms Distance (Å)

Mg1–2Rh 2.7184(4) Rh–1B 2.0073(3)

2Rh 2.989(2) 3Mg1 2.7184(4)

2Mg2 3.033(1) 3Mg2 2.7287(3)

4Mg1 3.1649(5) 3Mg1 2.989(2)

4Mg1 3.431(2) 3Rh 3.2779(4)

1Mg1 3.435(3)

Mg2–2B 2.6350(4) B–4Rh 2.0073(3)

6Rh 2.7287(3) 4Mg2 2.6350(4)

6Mg1 3.033(1) 6Mg1 3.659(2)

6Mg2 4.3027(1)

Table 2

Atomic coordinates and displacement parameters for Mg8Rh4B

Atom Site x/a y/b z/c Beq/iso/Å
2 a

Mg1 48f 0.1993(1) 0 0 0.99(2)

Mg2 16d 5
8

5
8

5
8

0.82(2)

Rh 32e 0.40478(2) x x 0.792(7)

B 8b 1
2

1
2

1
2

1.0(2)

Atom B11
b B22 B33 B12 B13 B23

Mg1 0.89(3) B11 1.20(6) 0.18(4) 0 0

Mg2 0.82(4) B11 B11 �0.07(4) B12 B12

Rh 0.79(1) B11 B11 0.025(6) B12 B12

aBeq ¼
1
3
½a�2a2B11 þ b�2b2B22 þ c�2c2B33 þ 2aba�b�ðcos gÞB12 þ 2aca�c�ðcos bÞB13 þ 2bcb�c�ðcos aÞB23�; the displacement parameter of the boron atom

was refined isotropically.
bAnisotropic displacement parameter is defined as exp½�1

4
ða�2h2B11 þ b�2k2B22 þ c�2l2B33 þ 2a�b�hkB12 þ 2a�c�hlB13 þ 2b�c�klB23Þ�.
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atoms were assumed to occupy the octahedrally coordi-
nated voids, formed by the Nb atoms. In Re3Al2B [22]
compound boron atoms were suggested to completely
substitute the rhenium atoms in 16d position. However, the
positions of the boron atoms in the crystal structures
Nb2NiB0.16 and Re3Al2B were not refined. In contrast to
these compounds, in the phase Mg8Rh4B the boron atoms
occupy the tetrahedrally coordinated voids at 8b (1

2
; 1
2
; 1
2
).

Mg8Rh4B is the first representative of a boron-filled Ti2Ni
structure, where the boron position is well refined using X-
ray single crystal diffraction data. It should be noted that
the Z phase was not found in the Mg–Rh–(H, D) systems
(E ¼ O, C, N) [20,35]. Apparently, a compound with the
Ti2Ni structure can be found in Mg–Rh–E system, when
the tetrahedrally coordinated voids are occupied by
hydrogen (deuterium) [20]. Thereby the boron atoms
occupy only one type of tetrahedral voids [&Rh4] around
the 8b site; the hydrogen atoms occupy both the 8b and 32e

sites—the centers of the [&Rh4] and [&(Mg1)3Rh]
tetrahedra. In the hydride, a partial occupation of the
octahedral cavities was found, whereas these cavities are
empty in the crystal structure of Mg8Rh4B.
3.4. The Ti2Ni structure type and its representatives

The Ti2Ni-type structure and the related Z subcarbides
and suboxides have been discovered and extensively
investigated a long time ago [11,36–40]. Generally the
A2M compounds, crystallizing in this structure type, were
described as typical intermetallic phases since their
components are restricted entirely to members of the
transition metal series and their structures contain atomic
sites of high coordination similar to those in s-FeCr, and m-
Co7Mo6 [3]. For the A2M phases the A component is
dominated by the IVth group of transition metals—Ti and
Hf [3,4,13,37,41]. The binary phases with Ti or Hf as the A

component were obtained in the A–M systems, where
M ¼ Co, Ni, Fe, Mn, Rh, Ir, Pt and some other metals.
There are a few examples of this structure type with metals
of the third group: Sc2Ir [42] and Sc2Ru [43]. Regarding the
M component, Z phases are mainly observed with 3d

transition metals —Fe, Ni, Co, Mn— and with platinum
metals —Rh, Pd, Ru, Pt [6,12,13,37,43]. Not all transition
metals can form this type of crystal structure. Even the
behavior of chemically close elements such as Zr and Hf is
completely different: there are no representatives of the
Ti2Ni structure type in the binary systems of Zr [3,11,13] in
contrast with numerous Z phases with Hf as the A

component [3,6,13]. A few compounds with the Z structure
containing non-transition metals, such as (Mg1.5Ti0.5)Ni
[44], (Mg1.5Al0.5)Ni [44], (Mg1.5Co0.5)Co [45], (Mg1.5Al0.5)
Pt [46], are also known. In these structures the A1 atomic
position (48f) is occupied by an alkaline-earth metal. Up to
now there are no binary Z phases known with the A or M

sublattice formed by non-transition elements only.
The early discussions about the stability of the Ti2Ni

structure type were based on two main criteria:
(a)
 Size criterion: the average r(A)/r(M) ratio should be
close to 1.19 (this value corresponds to the metal atom
radii taken from the compilation of Teatum E., K.
Gschneidner and I. Waber) and the deviation from the
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(a) (b)

(Mg1)6−I
(Mg1)6−II

(c) (d)

(Mg1)6−I(Mg1)6−II (Mg2)4Rh4B

(e)

(Mg1)6−I

(Mg1)6−II

(Mg2)4Rh4B

Fig. 3. Crystal structure of Mg8Rh4B: (a) isolated regular (Mg1)6-I octahedra; (b) distorted (Mg1)6-II octahedra connected by vertices; (c) framework

formed by face-sharing (Mg1)6-I and (Mg1)6-II octahedra; (d) tetrahedral framework of stellae quadrangula (Mg2)4Rh4B; (e) interpenetration of the

tetrahedral and two octahedral frameworks.
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average should be smaller than 6% [3]. The size
requirement is a necessary, but not a sufficient
criterion. For example, it does not explain the absence
of zirconium containing binary Z phases Zr2M (RZr/
RME1.15�1.19, where M belongs to the platinum
group metals).
(b)
 Criterion of the ‘‘electron concentration:’’ i.e. the ratio
of the number of valence electrons to the number of
atoms, was formulated in [3,11,13] reflecting on the
group number in the Periodic Table. A large number of
Z phases are formed by elements of the cobalt group
[13]. The existence of ternary Z phases with the M

component consisting of two elements, one element
lying to the right of the Co group in the Periodic Table
and the second to the left of the Co group (for example
Hf2Ni0.5M0.5, M ¼ Ru, Os, Re [3,13]), was considered
as a confirmation of the ‘‘electron concentration’’
criterion, taking into account the absence of corre-
sponding binary phases Hf2Ni, Hf2Os, Hf2Ru, Hf2Re,
with the Ti2Ni structure [3,13].
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Fig. 4. Atomic environment in the crystal structure of Mg8Rh4B: B (a),

Mg1 (b), Mg2 (c), Rh (d).

Fig. 5. Electron localization function for Mg8Rh4B: isosurfaces Z ¼ 0:645
revealing B–Rh bonds in the stellae quadrangulae.
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Any disscusion on the stability of the Ti2Ni-type
structure cannot be performed without considering the
influence of an occupation of the interstitial sites. The unit
cell of the Ti2Ni structure contains 456 tetrahedral voids of
six different types and 24 octahedral voids of two different
types [7].

The incorporation of the elements E ¼ O, N, C into the
interstitial sites leads to the formation of ternary phases
with the Ti2NiEx structure, which do not have binary
analogues. Among the ternary Z phases the most widely
investigated classes are the ternary suboxides (e.g. Zr2MOx,
M ¼ Ni, Cu, Rh, Ir, Pt, V, Fe [10,12,13,17,47–49]) and
subcarbides [18,19,36,40,50]. The structure refinement by
neutron diffraction showed that oxygen and carbon atoms
occupy the centers of the distorted (A1)6-II octahedra (16c

position) [2,10,14,17,47]. In spite of the existence of
numerous binary and ternary compounds with the Ti2Ni
structure type, the chemical bonding in this structural
motif and, consequently, the reasons for stabilization of the
structure by incorporation of additional atoms are far from
a complete understanding. A first attempt to explain
qualitatively the oxygen influence on the structure stability
was based on the analysis of electron donations to the
conduction band, formed by the M atoms. Obviously, such
donations lead to a partial ionization of the M species, so
that the elements from groups with a lower number can
provide more states [36], i.e. the M�O bonds are formed.
In the Ti2Ni structure the hybridizing s and d electrons of
metals were suggested to be distributed between directed
bonds and conduction band and there is a certain optimal
electron/atom ratio for the structure formation. From this
point of view, in the case of M ¼ Co and Ni, the number of
electrons contributed to the conduction band leads to an
optimal electron/atom ratio corresponding to the observed
phase stability. If the M metal is an element, which
provides more electrons, the increased filling of the
conduction band destabilizes the structure. Oxygen, as an
electron acceptor, decreases the number of occupied
electronic states in the conduction band serving as an
electron sink [36]. However, this explanation was only a
suggestion and was not quantitatively confirmed.
Electronic structure calculations using extended Hückel

method were first applied to understand the interstitial
oxygen role as an electron acceptor and its effect on the
metal–metal bonding for the zirconium–nickel suboxide
Zr4Ni2O. The valence orbitals of the interstitial atoms were
found to interact with the bonding orbitals of the transition
metals. Thus, the balance between the strength of the
metal–metal and metal–oxygen bonds was considered in
the discussion on the stability of the Ti2Ni structure type
[17].
From the results above, the interplay between the

directed (covalent) and non-directed (metallic) atomic
interaction seems to play an important role for the
stabilization of the Ti2Ni structure motif. To get more
insight into the directed interaction we performed an
analysis of chemical bonding in Mg8Rh4B employing the
ELF.

3.5. Chemical bonding in Mg8Rh4B

The topological description of the crystal structure of
Mg8Rh4B as a filled variant of the Ti2Ni structure type
suggests a rather weak interaction of the implemented
boron atoms with the metallic matrix. Despite this
expectation, but in agreement with the fact that the binary
Mg8Rh4 phase does not exist without boron, the calcula-
tion of the ELF reveals a strong covalent interaction within
the (Mg2)4Rh4B stella quadrangula. The maxima of ELF
are located on the four Rh–B bonds (Fig. 5). The basins of
these attractors form the valence shell of the boron atoms.
Integration of the electron density inside this valence shell
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Fig. 6. Covalently bonded polyanions [Rh4B]
3� embedded in a cationic

matrix in the crystal structure of Mg8Rh4B.

Fig. 7. (a) Resistivity r vs. temperature of a polycrystalline Mg8Rh4B

sample. (b) Magnetic susceptibility w of a polycrystalline Mg8Rh4B sample

vs. temperature at magnetic fields H ¼ 35 kOe (&), 70 kOe (J),

extrapolated values (B) and modified Curie-fit.
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basin [51] results in 5.92 electrons. In the inner shells of the
rhodium atoms, integration of the electron density gives
44:88 � 45 electrons, in the inner shell of the boron atoms
2.1 electrons are found. In total this leads to a rhodium–
boron anion [Rh4B]

3�. The inner shells of the Mg2 atoms
contain 10.03E10 electrons each, thus revealing (Mg2)2+

cations. A similar observation holds for the inner shells of
the Mg1 atoms. From these findings, the total charge
balance for Mg8Rh4B can be written as [Mg2+]8
[(Rh4B)

3�] � 13e�.
According to this bonding picture, the whole crystal

structure, which by intuition could be rather metal-like,
should be understood as composed of two parts: covalently
bonded polyanions [Rh4B]

3� embedded in a cationic
magnesium matrix (Fig. 6). The covalent interaction
between Rh and boron in the polyanion [Rh4B]

3� and its
ionic bonding within the cationic matrix is not so trivial, as
it may looks like. On the one hand, this fact correlates with
the practically equal electronegativities of Rh and B, both
are much more electronegative as magnesium [33]. On the
other hand, among the compounds in the ternary system
Mg�Rh�B we observe different bonding depending on the
composition. In the equiatomic compound Mg1�xRhB [52]
rhodium and boron form together a 2D polyanion. An
increase of magnesium and rhodium content in Mg8Rh4B
does not change the covalent Rh�B interaction, but
reduces the dimensionality of the anionic part ([Rh4B]

3�

is an isolated entity). At the high boron content, in
Mg2Rh1�xB6+2x, rhodium, together with magnesium, acts
as a cationic counterpart to a 3D boron polyanion [53].
The unusually large number of excess electrons suggests
additional (covalent) interactions within the magnesium
matrix. In the ELF representation, the directed (covalent)
interaction is observed already in elemental metals in form
of the multi-center bonding [54]. We assume a similar
situation in the cationic matrix. For a more detailed proof
of this assumption the ELF calculation should be done
without an atomic sphere approximation. The development
of a new tool for such calculations is in progress [55].

3.6. Magnetic and transport properties

The temperature dependence of the resistivity of the
Mg8Rh4B sample is shown in Fig. 7a. Mg8Rh4B is quite a
good metallic conductor with rð300Þ � r0 ca. 90 mO cm.
The residual resistivity of the polycrystalline sample is
32 mO cm. No phase transitions or superconductivity were
detected.
The magnetic susceptibility M(T)/H of a polycrystalline

sample of Mg8Rh4B is displayed in Fig. 7b. The field
dependence of M/H is due to traces of ferromagnetic
impurities, which could not be detected by EDXS analysis.
After the Honda–Owen extrapolation ([56], M/H vs. 1/H
extrapolated to zero) the values of wcorr(T) are obtained
(wcorrð300KÞ ¼ þ313ð40Þ � 10�6 emumol�1). Mg8Rh4B is
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Fig. 8. Total electronic density of states for Mg8R4B.
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therefore a Pauli paramagnet. Using the sum of the
closed-shell diamagnetic increments (wdia ¼ �96:2�
10�6 emumol�1 [57]) and fitting the corrected susceptibility
by a modified Curie law

wcorrðTÞ � wdia ¼ C=T þ w0 þ w1T ,

a value w0 ¼ þ440ð40Þ � 10�6 emumol�1 is obtained. This
corresponds to a density of states of 13.671.2 states/eV per
f.u. at the Fermi level.

The results of the electronic structure calculation are in
agreement with the physical properties of Mg8Rh4B. The
total density of states at the Fermi level is 9.25 states/eV
per f.u. (Fig. 8), that is close to the value evaluated from
magnetic measurements.

4. Conclusions

The Mg8Rh4B phase is the first representative of a
boron-stabilized Ti2Ni-type structure with filled tetrahedral
holes. Analysis of the chemical bonding using the ELF
shows that the structure stability is achieved by the
formation of covalently bonded [Rh4B]

3� anions, em-
bedded in a cationic magnesium matrix. The compound is
a Pauli paramagnet and shows metal-like electrical
conductivity, reflecting the picture of covalent bonding
with excess electrons.
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