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Abstract—A number of new isostructural ternary intermetallic compounds of the composition R4Ru,Ga,
(R = Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er) were found in ternary R—Ru—Ga systems. The single-crystal X-ray
diffraction study of Nd4Ru,Ga; showed that this compound crystallizes in the monoclinic system and it is a
representative of a new structure type (a = 10.938(6) A, b =4.064(2) A, ¢ =9.746(5) A, B = 111.18(2)°, space
group C2, Z=2, R1 =0.043, wR2 = 0.060 for 1198 reflections). The specific structural feature of this com-
pound is the presence of distorted RuNcig (AlB, type) and GaNdg (CsCl type) units. The shortest Nd—Ru

distance in the polyhedron is 2.8463(16)

which is significantly smaller than the sum of the corresponding

atomic radii. The unit cell parameters and volumes in the R4Ru,Gaj series (R = Pr, Nd, Sm, Gd, Tb, Dy, Ho,
Er) decrease in accordance with lanthanide compression, while their melting points increase.

DOI: 10.1134/S1063774523601570

INTRODUCTION

Ternary ruthenium gallides with a high content of
rare-carth elements (R) are known primarily for lan-
thanum and cerium. Examples are CesRu,Gas [1],
Ce4Ru, 45Ga, 55, CeysRu,Ga, [2], CeyRu;Gas, LasRu,Ga,
[3], RsRu;Ga, (R=La—Nd) [4], and Rys(Ru, _,Ga ),
(R = Ce, Y, Tb, Dy, Ho, Er, Tm, Lu) [5]. When
searching for analogs of the intermetallic compound
La;Ru,Ga, containing rare-earth elements R = Pr,
Nd, Sm, Gd, Tb, Dy, Ho, Er, we found a series of
compounds of the composition R,Ru,Ga;, which
crystallize in a new structure type. The isoformula
compounds R,Co,Mg; (R= Pr, Nd, Sm, Gd, Tb, Dy)
crystallize in their own structure type and are built
from AlB,- and CsCl-type units in a ratio of 1: 3 [6].
The intermetallic compound Gd,Co,Mg; belonging
to this series is characterized by the magnetic ordering
at Ty = 75(1) K and exhibits the magnetocaloric
effect [7]. Among gallides with the same stoichiome-
try, there is the ternary compound Ti,;Ni,Ga; with the
structure derived from ZrNiAl [8]. Here, we report
the results of the synthesis and the structural and ther-
mal characteristics of the synthesized compounds.
The crystal-chemical comparison of the structures of
the new compounds with the structures of the known
isoformula compounds and other intermetallics with
a similar composition was performed.

EXPERIMENTAL

The samples were prepared from stoichiometric
amounts of the elemental components R (44.45 at %),
Ru (22.22 at %), and Ga (33.33 at %) by the high-tem-
perature liquid-phases synthesis in an electric arc
using a laboratory mini arc melter MAM-1 (Biihler)
equipped with a non-consumable tungsten electrode
on a water-cooled copper plate under an argon atmo-
sphere. Zirconium was used as the getter. The start-
ing metals have the following degree of purity: R,
99.8 wt %; Ru, 99.97 wt %; Ga, 99.999 wt %. The
samples were remelted several times by turning them
upside down after each solidification to ensure com-
plete fusion and homogeneity. The alloys were
brought to an equilibrium state by performing the
annealing in evacuated quartz tubes, which were
placed in muffle furnaces at 600°C for 1000 h, fol-
lowed by the quenching in ice water.

The samples obtained by the annealing were stud-
ied by electron-probe X-ray microanalysis on a LEO
EVO 50XPV scanning electron microscope equipped
with an OXFORD INSTRUMENTS INCA-energy
450 energy-dispersive analysis system operating at an
accelerating voltage of 20 kV and by X-ray powder dif-
fraction analysis on an automated STOE STADI P
X-ray powder diffractometer (CukK,; radiation, Ge
monochromator, linear detector, WinXPOW soft-
ware [9]).

The structure was determined using single crystals
of Nd,Ru,Ga;, which were selected from a crushed
annealed sample. The experimental data were col-

478



NOVEL TERNARY INTERMETALLIC COMPOUNDS

Table 1. Crystallographic parameters and the X ray diffrac-
tion data collection and structure refinement statistics for

a single crystal of Nd4;Ru,Ga,

Molecular formula

Nd4Ru,Ga,

Molecular weight
Composition, at %
Crystal system, sp. gr., Z
a,b,c,A

B, deg

v, A3

Degyes g/ctn?’
Temperature, K
Radiation; A, A
u, mm~!
F(000)
Crystal size, mm
Omin—Omax deg
hkl ranges

Number of reflections:
measured (N1)/unique
with 7> 2c6(1) (N2), Ry

Completeness of data
to 6 = 25.242°

Absorption correction
Tmim Tmax

Refinement method

Number of refined parameters
R1/wR2 based on N1
R1/wR2 based on N2

S

Flack parameter
APrin/DPrmaxs €/A°

988.26
44.1 Nd 22.6 Ru 33.3Ga
Monoclinic, C2, 2

10.899(3), 4.0533(11),
9.720(3)

111.080(7)
400.7(2)

8.192

250(2)

MoK,; 0.71073
19.438

421

0.08 x 0.04 x 0.02
2.246-33.275

—16<h<16,-6<k<6,
—14<7/<14

3219/1518, 0.0393

100.0%

Semiempirical
0.1044, 0.0495

Full-matrix least squares
based on F?

47
0.0600/0.0811
0.0429/0.0765
1.142

0.4(2)
~1.176/1.360

Table 2. Atomic coordinates

and atomic displacement

parameters U in the structure of Nd4Ru,Gay

Atom x/a y/b z/c Ueqs A2
Nd(1) 0.2456(1) | —0.0054(6) 0.1465(1) |0.013(1)
Nd(2) |—0.0983(1) 0.4969(7) |—0.3657(1) |0.013(1)
Ru(1) 0.0436(1) |—0.0050(17) |—0.1376(1) |0.024(1)
Ga(l) 0.1078(2) |—0.0058(15) |—0.3805(2) |0.017(1)
Ga(2)*|—0.0074(12) | 0.4840(30)| 0.0172(10)|0.014(1)

* The site occupancy for the Ga(2) atom is 50%.
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lected on an automated Bruker APEX3 X-ray diffrac-
tometer (MoK, radiation) by standard procedures at
room temperature. Principal crystallographic data and
the structure refinement statistics are summarized
in Table 1. The structure solution and refinement
were performed using the SHELXL2018 program
package [10, 11]. The atomic coordinates in the
Nd,Ru,Ga; structure are given in Table 2. Selected
interatomic distances are listed in Table 3. The struc-
tural data were deposited via the joint CCDC/FIZ
Karlsruhe deposition service (deposition number
2294066 for Nd,Ru,Gaj,).

The structures of intermetallics with other rare-
earth elements were refined by the Rietveld method
based on the X-ray powder diffraction patterns of the
samples using the FULLPROF software [12, 13] and
Nd,Ru,Gaj; as the structural model (Table 4).

The melting points of the synthesized compounds
were determined using a NETZSCH Leading Ther-
mal Analysis STA 449 F1 Jupiter Platinum RT differ-
ential scanning calorimeter in a high-purity helium
atmosphere in the temperature range of 30—1500°C.
The heating rate was 20 deg/min. The weight of the
sample was not higher than 0.05 g.

RESULTS AND DISCUSSION

All the obtained samples contained the intermetal-
lic compound of the composition R,Ru,Gas,, isostruc-
tural with Nd,Ru,Ga;, as the main phase. No more
than two impurity phases were present in each sample.
The following impurity phases were found in the sam-
ples: binary gallides RGa (TII type [14]) and also
phases of variable composition, such as RRu, _ . Ga,
(CsCl type [15]), RRu, _,Ga, with a structure derived
from the low-temperature hexagonal modification
of RRu, [16] (MgZn, type) or its high-temperature
cubic modification (MgCu, type) [17], and
Rys(Ru, _,Ga,),; [5]. The ternary intermetallic com-
pound Pr;Ru;Ga, [4] was present as one of impurity
phases in the praseodymium-containing sample.
The neodymium- and erbium-containing samples
were the purest in terms of phase; the total content of
impurities in these samples was not higher than 5 and
6 wt %, respectively (Fig. 1). The microstructure of
these samples (Fig. 2) contains the same phases as
those found in the X-ray powder diffraction patterns
of Nd,Ru,Ga; and Er,Ru,Gaj;.

The Rietveld refinement was performed using the
structural model of the Nd,Ru,Ga; single crystal,
which was found in the crushed sample. The X-ray
diffraction analysis demonstrated that the crystal
structure of Nd,Ru,Ga; belongs to the monoclinic
system and it is a representative of a new structure type
(Table 1). The possible space groups were C2/m, C2,
and Cm. The structure refinement of Nd,Ru,Ga; in
the centrosymmetric space group led to highly elon-
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Table 3. Selected interatomic distances in the structure of Nd4Ru,Ga;

Distance d,A Distance d,A Distance d, A Distance d A
Nd(1)—Ru(1) | 2.8463(16) Nd(2)—Ru(1) [2.986(5) —Nd(1) | 2.8463(16) 3.154(2)
3.088(5) 2.996(5) —Nd(2) | 2.986(5) 3.159(5)
3.090(5) —Ga(1) |3.060(5) 2.996(5) 3.173(4)
3.1211(18) 3.074(5) —Nd(1) | 3.088(5) CN of Ga(1) 9
—Ga(l) | 3.035(4) 3.154(2) 3.090(5) ||Ga(2)—Ru(l) | 2.405(11) x 2
3.037(5) 3.159(5) 3.1211(18) 2.665(9)
—Ga(2) | 3.200(12) —Ga(2) [3.161(9) CN of Ru(1) 9 2.479(11) x 2
3.260(12) 3.490(9) 2.732(10)
3.253(12) —Ga(l) |3.173(4) Ga(1)—Ga(l) —Nd(1) | 3.200(12) x 2
3.312(12) 3.6642(13) —Ru(1) 3.260(12)
3.356(7) —Nd(1) [3.693(2) 3.253(12) x 2
3.734(14) 3.704(2) —Nd(1) 3.312(12)
—Nd(1) | 3.5254(15) x 2 ||CN of Nd(2) 11 2.644(4) 3.356(7) x 2
—Nd(2) | 3.6642(13) Ru(1)—Ga(2) |2.405(11) 2.693(2) 3.734(14)
3.693(2) 2.665(9) 3.035(4) —Nd(2) | 3.161(9) x 2
3.704(2) 2.479(11) 3.037(5) 3.490(9)
CN of Nd(1) 14 2.732(10) —Nd(2) | 3.060(5) CN of Gd(2) 12
—Ga(l) [2.693(2) 3.074(5)

Table 4. Monoclinic unit cell parameters and volumes and the melting points of the compounds R4Ru,Ga; (R = Pr, Nd,

Sm, Gd, Tb, Dy, Ho, Er)

Compound a, A b, A c, A B, deg v, A3 Ty,°C
Pr,Ru,Ga; 10.9303(4) 4.2388(1) 9.6634(3) 111.014(3) 417.95(2) 741
Nd,Ru,Ga, 10.9055(4) 4.1865(1) 9.6757(3) 111.070(3) 412.21(2) 811
Sm,Ru,Ga; 10.8588(4) 4.0917(2) 9.6920(4) 111.077(4) 401.82(3) 848
Gd,Ru,Ga, 10.8278(3) 4.0154(1) 9.7234(3) 111.150(3) 394.27(2) 926
Tb,Ru,Ga, 10.7857(5) 3.9705(2) 9.7073(4) 111.264(3) 387.41(3) 953
Dy,Ru,Gaj 10.7214(7) 3.9616(2) 9.6912(7) 111.298(6) 383.51(4) 977
Ho,Ru,Ga; 10.6797(3) 3.9441(1) 9.6834(2) 111.352(2) 379.88(2) 1002
Er,Ru,Ga, 10.6347(2) 3.9225(1) 9.6644(1) 111.411(1) 375.32(1) 1058

gated displacement ellipsoids for the Ru and Ga2
atoms. The lowering of the symmetry to Cm or C2
resulted in the normal sizes of the displacement ellip-
soids, but the R factors in sp. gr. C2 were somewhat
lower than those in sp. gr. Cm. In sp. gr. C2, the Ga2
atom is disordered over two positions about the two-
fold axis. The unit cell parameters and volumes
refined by the Rietveld method for the whole series of
the compounds R,Ru,Ga;, where R = Pr, Nd, Sm,
Gd, Tb, Dy, Ho, Er (Table 4), decrease in the series
from praseodymium to erbium in accordance with
lanthanide compression.

CRYSTALLOGRAPHY REPORTS

The crystal structure of Nd,Ru,Ga; contains five
crystallographically independent atoms in the 4c sites:
two neodymium atoms, one ruthenium atom, and two
gallium atoms. The Ga2 atom is displaced from the 25
site and, therefore, the occupancy of the 4c site is 0.5.
The nearest environment of the ruthenium atom
involves six neodymium atoms and three gallium
atoms, which form a tricapped trigonal prism (CN =
9; CN is the coordination number) (Fig. 3). The coor-
dination environment of the Gal atom can be
described as a seven-vertex polyhedron formed by
neodymium atoms and supplemented by two addi-
Vol. 69
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Fig. 1. Rietveld refinement of the structures of (a) Nd4Ru,Gaj and (b) EryRu,Gaj in the presence of traces of admixtures based
on the powder X-ray diffraction patterns: the experimental data (small circles), the simulated patterns (solid lines), and the dif-
ference plots (at the bottom). The positions of the Bragg reflections are indicated by vertical bars.
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Fig. 2. Microstructure of annealed samples of (a) Nd4Ru,Gaj and (b) EryRu,Gajs.

tional gallium and ruthenium atoms (CN = 9).
The coordination environment of the Ga2 atom is
a strongly distorted tetragonal prism formed by neo-
dymium atoms and four ruthenium atoms above the
lateral faces (CN = 12). The Nd1 atom is at the center
of the pentagonal prism formed by four neodymium
atoms, four gallium atoms, and two ruthenium atoms.
Four of the five rectangular lateral faces are centered
by two ruthenium atoms, one gallium atom, and one
neodymium atom (CN = 14). The Nd2 atom is at the
center of the tetragonal prism formed by four gallium
atoms, two ruthenium atoms, and two neodymium

CRYSTALLOGRAPHY REPORTS
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atoms. The lateral faces are centered by two gallium
atoms and one neodymium atom (CN = 11).

Overall, the Nd4Ru,Ga; structure can be repre-
sented as a layered structure, in which the corrugated
layers of neodymium atoms alternate with the layers
formed by ruthenium and gallium atoms along the
[001] direction (Fig. 4a). The networks of ruthenium
and gallium atoms contain a fragment as a chain of
rhombuses (Fig. 4b) formed by ruthenium and gallium
atoms. A similar fragment is present in other structures
containing ruthenium and gallium, such as La;Ru,Ga,
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Fig. 3. Coordination polyhedra of atoms in the Nd4Ru,Gaj structure.
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Fig. 4. (a) Projection of the Nd4Ru,Gaj structure along the [010] axis. Networks of Ru and Ga atoms in the structures of
(b) Nd4Ru,Gaj (the disorder of Ga?2 is not shown for the sake of clarity), (c) LasRu,Ga,, and (d) Ce4Ru3Gas. The chains con-

sisting of ruthenium and gallium atoms are indicated by ovals.

(Fig. 4c) and Ce,Ru;Ga; (Fig. 4d). In the Nd,Ru,Ga,
structure, all atoms that form the rhombuses in the
chains lie in one plane. In the La;Ru,Ga, and Ce,Ru;Ga;
structures, the rhombuses are rotated with respect to
each other.

In the Nd,Ru,Ga; structure, the Ru—Ga distances
are the shortest of all the distances (2.405(11)—
2.732(10) A). These distances are smaller than the sum
of the atomic radii (n(Ru) = 1.34 A, (Ga) = 1.41 A
[18]), which is indicative of a significant interaction
between the ruthenium and gallium atoms. The dis-
tances between the neodymium atoms in the networks
are longer than 3.5254(15) A, and the distances to the
atoms of the adjacent Ru/Ga network are abnormally
long. One of the Nd—Ru distances is 2.8463(16) A,
which is smaller not only than the sum of the atomic
radii (3.16 A) but also than the sum of the covalent
radii (2.88 A). This may be an evidence of a significant
chemical bonding of these atoms. The other Nd—Ru
distances in the Ru polyhedron are only slightly
smaller than the sum of the atomic radii.

The Nd,Ru,Ga; structure can also be represented
as a combination of fragments of the known AlB, and
CsCl structure types. The RuNd trigonal prism is
a fragment of the AlB,-type structure. The adjacent

CRYSTALLOGRAPHY REPORTS

RuNd, trigonal prisms are linked together by sharing
edges to form a group of four trigonal prisms (Fig. 5a).
The interatomic Ru—Ru distances in the adjacent
prisms are 3.143(3) A, which are larger than the sum of
the atomic radii. Like in the CsClI structure type, the
gallium atom Gaz2 is at the center of a distorted tetrag-
onal prism. Similar fragments are observed in some
indides (R;;Ru,Ing R = Ce, Gd, Tb) [19, 20] (Fig. 5b).

The structure of the isoformula compound
R,Co,Mg; (Fig. 5c¢) is also built from AlB, and CsCl
units in a ratio of 1 : 3 [6]. The common feature of the
structures of indides R;;Ru,Iny and the magnesium-
containing compounds R,Co,Mgj; is the orientation of
the AlB,-type trigonal prisms and distorted CsCl-type
tetragonal prisms along the smallest unit cell parame-
ter so that this parameter is the height of both the
trigonal and tetragonal prisms. In the R,;Co,Mg;
structure, the CoRy trigonal prisms are linked in pairs
via a shared quadrangular face. It should be mentioned
that the Co—Co distances in the pair are abnormally
short (2.37 A). All magnesium atoms are at the centers
of CsCl-type tetragonal prisms.

In the Nd,Ru,Ga; structure, only the Ga2 atom is

in a distorted CsCl-type eight-vertex polyhedron, the
distances to the neodymium atoms in the polyhedron
Vol. 69
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(b)

Fig. 5. (a) Fragment of the Nd4Ru,Gaj structure consisting of AlB,-type trigonal prisms RuNdg and CsCl-type tetragonal prisms
GaNdg. Projections of the (b) Ce;Ruylng and (c) Nd4Co,Mgj structures consisting of AIB,- and CsClI-type polyhedra along the

smallest unit cell parameter.
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Fig. 6. Thermograms of (a) Nd4Ru,Gaj; and (b) EryRu,Gaj.

being longer than 3.161(9) A, which is larger than the
sum of their atomic radii. Probably, it is this fact that is
responsible for the disorder of the Ga2 atom, because
the void formed by neodymium atoms is too large.
The environment of the Gal atom is a seven-vertex
polyhedron formed by neodymium atoms. The dis-
tances in this polyhedron are smaller than or equal to
the sum of the atomic radii of neodymium and gallium
atoms. This polyhedron can be described as a distorted
cube with one degenerate vertex. Overall, the structure
can be represented as a combination of AlB,-type and
CsCl-type units, and only a part of CsCl units can be
considered as degenerate polyhedra. As opposed to the
structures containing magnesium and indium, the lay-
ers in the Nd,Ru,Gaj; structure are non-planar and are
perpendicular to the a axis (Fig. 4a). The smallest
parameter b in the Nd,Ru,Ga; structure is equal to the
edge length of one of the triangular bases rather than
to the height of the RuNdg trigonal prism.
CRYSTALLOGRAPHY REPORTS
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The investigation of the thermal stability of the
obtained compounds R,Ru,Ga; was complicated by
the presence of impurities in the samples. The ther-
mograms show weak peaks attributed to the presence
of these impurities (Fig. 6). The strongest endother-
mic peaks were assigned to the melting of the main
phase. The melting led to a change in the initial shape
of the sample. The melting points of the whole series
of the compounds R,Ru,Ga; were determined (Table 4).
Their values increase in the series from Pr,Ru,Ga; to
Er,Ru,Gas. The X-ray diffraction patterns of the sam-
ples after the melting were not completely identical to
the X-ray diffraction pattern of the sample before the
melting. The X-ray diffraction pattern of Nd,Ru,Gajs has,
apart from reflections belonging to the main phase,
reflections assigned to NdRu, _, Ga, with the MgZn,
structure. After the melting of the compounds R,Ru,_
Ga; with R = Ho, Er, the compounds RRu, _,Ga,
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with the MgZn, structure and RRu, _,Ga, with the
CsCl structure were obtained.

CONCLUSION

In the ternary R—Ru—Ga systems, a series of iso-
structural compounds R,Ru,Ga; (R = Pr, Nd, Sm,
Gd, Tb, Dy, Ho, Er) belonging to a new structure type
were obtained. The unit cell parameters and volumes
in the series of these compound decrease in accor-
dance with lanthanide compression. The compounds
are stable in air and do not decompose during the
investigation and storage. In the crystal structure,
AlB,- and CsCl,-type units can be observed; how-
ever, they are highly distorted. The fragment of the
R,Ru,Ga; structure as a chain of rhombuses, which
are formed by ruthenium and gallium atoms, was
found also in the La;Ru,Ga, and Ce,Ru;Ga; struc-
tures. Based on the analysis of the interatomic dis-
tances in the Nd,Ru,Ga; structure, it can be stated
that there is a significant chemical bonding between
the ruthenium and gallium atoms and between the
neodymium and ruthenium atoms. The melting points
of the obtained compounds increase in the series from
Pr,Ru,Ga; to Er,Ru,Gas;.
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