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The Ho-Ni-Ge system has been investigated at 1070 K and up to ~60 at% Ho by X-ray diffraction and
microprobe analyses. Besides the eight known compounds, HoNisGes (YNisSisz-type), HoNi,Ge;
(CeAl,Ga,-type), HooNiGegs (Ce,CuGeg-type), HoNiGes (SmNiGes-type), HoNig> . 06Ges (CeNiSip-type),
Hos7 . 34Nig . 24Ges7 . 42 (AlB,-type), HoNiGe (TiNiSi-type), HosNiGe, (LasNiGe,-type), the ternary system
contains four new compounds: HosNij;Ges (Sc3Nij;Gey-type), HoNisGe, (ErNisGe,-type), HosNiyGes
(Hf3Ni,Sis-type) and ~HosNi,Ges; (unknown structure). Quasi-binary solid solutions were observed at
1070 K for Ho,Niy7, HoNis, HoNi, HoNis, HoNi,, HoNi and Ho,Ges, but no detectable solubility was found
for the other binary compounds in the Ho-Ni-Ge system. Based on the magnetization measurements,
the HoNisGes, HoNisGe, and HosNiy;Ge4 (and isostructural {Tb, Dy}sNi;;Ge4) compounds have been
found to show paramagnetic behavior down to 5 K, whereas HosNi,Ges exhibits an antiferromagnetic
transition at ~7 K. Additionally, the crystal structure of the new isostructural phases {Y, Yb}Ni3Ge,
(ErNisGe,-type), ErsNij;Ge, (ScsNijGes-type) and {Y, Tb, Dy, Er, Tm}sNi,Ges (Hf3Ni,Sis-type) has been

also investigated.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

An important step in addressing both fundamental and prac-
tical goals in the materials science, solid state chemistry and
physics is the study of phase diagrams or isothermal cross-
sections and determination of crystal structures of compounds
formed in these systems. The knowledge of the phase equilibria
allows to prepare samples with minimal or no impurities and to
grow crystals by flux methods. Additionally, such knowledge can
be used to predict phase equilibria and isostructural phases in
analogous systems. The rare earth-Ni-Ge systems have already
been extensively investigated, in terms of the isothermal sections
and crystal structures of the ternary phases, for rare earth=Sc, Y,
La-Nd, Tb, Dy, Tm, Lu, Yb [1-22]. One of the missing members of
this family is the Ho-Ni-Ge system, which is the subject of the
current work.

The constituent Ho—Ni, Ho-Ge and Ni-Ge binary systems have
been studied in Ref. [9-12,23-26]; the crystal structure of the
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ternary compounds HoNisGes [13], HoNi,Ge, [14], HoNiGes [15],
HoNigeGe, [16], Ho;NiGeg [17], HoNiGe [18], HoNig5Geqs [19] and
HosNiGe; [20] has been also established. Except for the HoNisGes
phase, the magnetic properties of all the ternary phases HoNi,Ge,
[28], HOzNIGee [29], HoNiGe [30], HONiO'GGez [39], HONiO'SGeLS
[19], HosNiGe, [31] and HoNiGes [38] have been investigated as
well. Furthermore, the following compounds {Er, Tm}NisGe,
[5,21], {Sc, Y, Tb, Dy, Tm-Lu}5Ni;;Ge, [4-8] and LusNi,Ges [22]
were already found to form in the rare earth-Ni-Ge systems.

In this work, we present the isothermal section of the Ho-Ni-Ge
system, along with crystal structure and magnetic properties of the
new ternary phases HoNisGe,, HosNij;Ge, and HosNiGes. New
isotypic rare earth-nickel-germanide phases formed with other
heavy rare earths and magnetic properties of known ScsNiq;Gey-
type {Tb, Dy}sNi;;Ge, are also reported.

2. Experimental details

The samples with a total mass of 2-3 g were prepared by arc-
melting on a water-cooled copper hearth (90V, 150 A) under pure
argon (99.992 vol%) and using a non-consumable tungsten electrode.
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Pieces of germanium (purity 99.99 wt%), nickel (99.95 wt%) and rare
earths (99.9 wt%) were used as starting materials. Titanium was used
as a getter during arc-melting. The arc-melted samples were
annealed at 1070 K ( + 5 K) for 8-10 days in sealed quartz ampoules
under low pressure of argon and then quenched in ice-cold water.

1. HoNisGes (YNisSiz Pnma)
2. HosNij1Ges (ScsNiyiGes P6y/mimc)
3. HoNi;Ge; (ErNi;Ge, P6)
4. HoNiyGe; (CeAL,Gay [4/mmm)
5. HoNiGe;s (SmNiGes Cmmm) Ge
6. HoNig2:0,65Gez (CeNiSi, Cmem)
7. Ho,NiGeg (Ce,CuGes Amm?2)
8. HoNiGe (TiNiSi Pnma) 10 90 1070 K
9. Ho37:34Ni6:24Ges7:42 (AlB2 P6/mmm) /| A\\ ... tentative
10. HosNizGes (HENizSis Crmem) 20 80 sample composition
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Fig. 1. Isothermal section of the Ho-Ni-Ge system at 1070 K.
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Purity of the alloys and composition of the phases were
evaluated using X-ray diffraction and electron microprobe analy-
sis. The X-ray powder data were collected on a Rigaku d/max-2500
diffractometer (CuKa radiation, 26 range of 5-120 and 10-80°,
step 0.02°, and 4-6 s/step). The unit cell parameters were derived
from the Rietveld analysis [32] using the Rietan program in the
isotropic approximation; the symmetry analysis was performed
with the aid of the Bilbao Crystallographic Server [33].

An INCA-Energy-350 X-ray EDS spectrometer (Oxford Instru-
ments) on the Jeol JSM-6480LV scanning electron microscope
(20 kV accelerating voltage, 0.7 nA beam current and 50 pm beam
diameter) was employed for the quantitative microprobe analyses.
From signals averaged over three points we obtained the esti-
mated standard deviations of 1 at% for all the three elements (rare
earths measured by L-series lines; Ni and Ge measured by K-series
lines) in all the phases.

The DC magnetization of polycrystalline samples was measured
on a commercial SQUID magnetometer (Quantum Design) in the
temperatures range of 5-300 K and applied field of 100 Oe. The
effective magnetic moments and paramagnetic temperature were
obtained by fitting the data to the Curie-Weiss law in the
paramagnetic region [34].

3. Results
3.1. Ho-Ni-Ge system at 1070 K

Based on the X-ray and microprobe results, the isothermal
section of the Ho-Ni-Ge system at 1070 K (up to ~60 at% Ho) has

been determined (Fig. 1). Compositions of the samples prepared
are shown as dots in Fig. 1. The solid lines were constructed by

Fig. 2. Microstructure of some Ho-Ni-Ge samples after annealing at 1070 K for a 200 h: (a) ‘Ho5NizoGess’: Ho34Ni33Gess (TiNiSi-type) (white) and ‘Hoy1NigsGess' (mixture
of CeAl,Ga,-type HoNi,Ge, and TiNiSi-type HoNiGe) (gray), (b) ‘Ho4oNijoGeso’: HosoGeso (CrB-type) (white needlese), HossGesg (GdsGey-type) (white plates) and
HosgNijpGeso (AlBy-type) (gray); (c) ‘HosoNizeGeso': HosiGeyo (CrB-type) (white), HosgNizsGes; (Hf3NisSis-type) (gray) and HossNizsGesr (AlBp-type) (black) and
(d) ‘HogNigoGeq2': Hoy1NizgGeyq (ThyNijz-type) (white gray), NizsGess (AuCus-type) (black gray) and Nig;Geg (Cu-type) (black).
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combining the experimental microprobe EDX data with X-ray
powder diffraction results. In few cases only, the tie lines and
triangles were estimated and tentatively assigned. Fig. 2.

The known binary compounds and new pseudo-binary solid
solutions belonging to the isothermal section at 1070 K are
summarized in Table 1. Extended solid solutions were detected
for the Ho,Ni;7, HoNis, Ho,Ni;, HoNis, HoNi,, HoNi and Ho,Ges

Table 1

binaries; no detectable solid solutions could be observed for the
other binary compounds in the Ho-Ni-Ge system.

The known HoNisGes, HoNi,Ge,, HoNiGes, HoNiggGe,, Ho,N-
iGeg, HoNiGe, HoNig5Ge1 s and HosNiGe, ternary compounds were
confirmed in the isothermal section at 1070 K. Furthermore, accord-
ing to the microprobe analysis, the four new ternary phases with
compositions HosNij;Ge4, HoNi3Ge,, HosNi;Ges and ~HosNiyGes

Lattice parameters of the binary compounds and their solid solutions in the Ho-Ni-Ge system (the phases belonging to the isothermal section at 1070 K are shaded, HT and

LT are the high-temperature and low-temperature phase, respectively).

N Compound Space group Type structure a (nm) b (nm) ¢ (nm) Re (%) Refs.
1 Horr P63/mmc Mg 0.35773 0.56158 [9,12,27]
Hoyr Im3m w 0.39600 [9,12,27]
2 Ni Fm3m Cu 0.35238 [9,12,27]
Nig,Geg Fm3m Cu 0.3540 [12,23,24]
Nig1Geg Fm3m Cu 0.3745(1) 2.8 &
3 Ge Fd3m C 0.565754 [9,12,27]
Ge Fd3m C 0.56570(9) 8.2 &
4 NisGe Pm3m AuCus 0.3566 [9-12,23,24]
NisGe Pm3m AuCus 0.35718(3) 4.0 &
NisGe yr Fd3m NaTl 0.57436 [9-12,23,24]
5 NisGe, P63/mmc PdsSb, 0.6827 1.2395 [9-12,23,24]
6 NiGe Pnma Co,Si 0.5113 0.3830 0.7264 [9-12,23,24]
Ni,Ge 2/m X 1.0130 0.7800 0.6830 [9-12,23,24]
p= 90.4°
7 NisGes P63/mmc NiAs 0.3955 0.5046 [9-12,23,24]
NisGes Q NisGes 11682 0.6737 0.6264 [9-12,23,24]
p= 5211°
8 NijoGeqz ur 2 NijoGeqa 11631 0.6715 1.0048 [9-12,23,24]
p= 90°
9 NisGe; P63/mmc NiAs 0.3860 0.5000 [9-12,23,24]
Nis;Geas P65/mmc NiAs 0.38545(8) 0.49985(8) 8.2 a
10 NiGe Pnma MnP 0.5389 0.3438 0.5820 [9-12,23,24]
NiGe Pnma MnP 0.53976(19) 0.34279(9) 0.58250(16) 8.9 &
1n HosGes P63/mcm MnsSis 0.8400 0.6300 [9-12,23,25]
HosGes P63/mcm MnsSis 0.83813(9) 0.62638(7) 13 &
12 HosGe4 Pnma SmsGey 0.7540 1.4510 0.7630 [9-12,23,25]
HosGey Pnma SmsGey 0.7585(2) 1.4560(3) 0.7656(2) 7.8 a
13 Hoq;Geyo I4/mmm Hoq1Gejo 1.0790 1.6230 [9-12,23,25]
14 HoGe Cmcm CrB 0.4250 1.0620 0.3910 [9-12,23,25]
HoGe Cmcm CrB 0.42338(4) 1.06198(13) 0.39197(4) 7.1 a
15 HosGe, Cmcm GdsGey 0.4036 1.0597 1.4163 [9-12,23,25]
16 Ho,Ges ™ P6/mmm AlB, 0.3900 0.4110 [9-12,23,25]
17 HosGes Fdd2 Y5Ges 0.57158 1.71475 1.36332 [9-12,23,25]
HoGe, 7 141/amd ThSi, 0.4051 1.3651 [9-12,23,25]
18 HoGe, g5 Cmcm YGe s 0.40809 2.965 0.39093 [9-12,23,25]
19 HoGe, 7 Cmcm DyGes 0.3995 2.0736 0.3877 [9-12,23,25]
20 Ho,Niy7 P63/mmc Th,Niy7 0.8290 0.8020 [9-12,23,26]
Hoq1NizgGeqq P63/mmc Th,Niy7 0.83321(7) 0.81224(7) 7.7 &
Ho11NizGe;s P63/mmc Th,Niy7 0.83594(7) 0.81349(7) 5.4 a
Ho12Ni;oGeq7 P63/mmc Th,Niy7 0.84018(8) 0.81171(8) 3.6 b
21 HoNis P6/mmm CaCus 0.4872 0.3966 [9-12,23,26]
Hoq7NiggGe14 P6/mmm CaCus 0.48960(2) 0.40109(2) 53 &
Hoq7Nig;Geig P6/mmm CaCus 0.49056(4) 0.40081(3) 53 b
22 Ho,Ni; R3m Er,Co; 0.49210 3.6090 [9-12,23,26]
Ho,3Ni7 1 Geg R3m Er,Cos 0.4922(4) 3.6334(20) 5.8 &
23 HoNis3 R3m PuNis3 0.4957 2.4190 [9-12,23,26]
Ho,sNizoGes R3m PuNis 0.49691(8) 2.43691(38) 4.6 &
24 HoNi, Fd3m MgCu, 0.7136 [9-12,23,26]
Hos3NigsGeo Fd3m MgCu, 0.71564(9) 3.8 &
25 HoNi Pnma FeB 0.7022 0.4140 0.5435 [9-12,23,26]
HosoNig; Ge, Pnma FeB 0.70328(11) 0.41481(7) 0.54424(9) 6.3 &
26 HosNiy 11 C2/m Dy;Ni, 1.3300 0.3650 0.9510 [9-12,23,26]
p=105.6"
HosNiy yr R3 ErsNi, 0.8520 1.5750 [9-12,23,26]
27 HosNi Pnma Fe;C 0.6830 0.9540 0.6250 [9-12,23,26]
HosNi Pnma Fe;C 0.6866(2) 0.9440(3) 0.6239(2) 7.9 a

#This work (the phase is detected in the ternary sample).

b’Quasi—bina\ry solid solution data for Ho,Ges are given in Table 2.
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Fig. 3. Rietveld refinement plots of the (a) Sc3Nij;;Ges-type HosNijGey,
(b) ErNizGe,-type HoNi3Ge, and (c) Hf5Ni,Sis-type HosNi,Ges compounds.

were detected, as well as an extended solid solution for the HoNig »_
065Ge> compound (see Fig. 1). The homogeneity range for HoNig_
0.65Ge; was established from the microprobe and powder diffrac-
tion results. The successful Rietveld refinement indicated the
Sc3NiyGey (EuMgs)-, ErNisGe,- and Hf3Ni,Sis-type structures for
the HosNij;Ge4, HoNisGe, and HosNi;Ges compounds, respectively
(Fig. 3). The crystal structure of the ~HosNi,Ges compound
remains uncertain; further experimental investigations on the
formation of this phase are ongoing. The crystallographic data and
refined lattice parameters of these compounds are summarized in
Table 2.

3.2. Crystal structure of the new compounds in the rare earth-Ni-Ge
systems

3.2.1. {Ho, Er}3Ni;;Ge, compounds

Rietveld analysis of the {Ho, Er}sNi;;Ge, phases showed that
they crystallize with the Sc3Nij;Gey-type structure and, thus, are
isomorphic with the other known compounds belonging to the
3:11:4 family, formed by Sc, Y, Tb, Dy, Tm-Lu [4-8,12]. The lattice
parameters, obtained from the X-ray powder diffraction, are given
in Table 3a; as it can be seen, they show a regular trend along the
series in agreement with the lanthanide contraction [35]. The
interatomic distances calculated for the HosNi;;Ge4 compound are

reported in Table 3b. The small deviation with respect to the sum
of metallic radii of Ho, Ni and Ge [27,36] suggests a metallic
bonding in this compound; the same assumption can be made for
the other isotypic compounds. The phase ‘GdsNi;;Ge4’ could not
be obtained under the present synthetic conditions; the
‘GdsNi;Gey’ alloy was a mixture of three phases, which were
identified as GdNi,Ge, (CeAl,Ga,-type), GdNisGes (YNisSis-type)
and GdNis_ ,Ge, (CaCus-type) [9-14].

3.2.2. {Y, Yb, Ho}NisGe, compound

Rietveld analysis of the new {Y, Ho, Yb}NisGe, phases indicated
that they adopt the ErNisGe; structure, which can be considered as
an ordered superstructure derived from the CaCus structure type.
The atomic positions of the prototype ErNisGe; [21] were used as a
model for the powder data refinement of the Y, Ho and Yb analogs
(see for example Fig. 3b). The corresponding lattice parameters,
together with those of the already known compounds (R=Er, Tm)
[5,12,21] are listed in Table 4. The formation of the DyNisGe, phase
has not been observed; instead, the ‘DyNisGe;’ alloy was a mixture
of the known CeAl,Ga,-type DyNi,Ge,, YNisSis-type DyNisGes and
EuMgs-type DysNij;Gey phases [4,9-14].

3.2.3. R3NiyGes compounds (R=Y, Tb-Tm)

The {Y, Tb-Tm}3Ni,Ges compounds (Hf3Ni,Sis-type) are iso-
structural with LusNiGes [12,22]. The lattice parameters of the
R3Ni,Ges phases obey the lanthanide contraction rule [35]
(Table 5a). Interatomic distances in R3Ni,Ges suggest a metallic
bonding as shown for Tb3sNi,Ges in Table 5b. A sample with a
nominal composition ‘GdsNi,Ges’ was prepared to check the
formation of the same structure for the lighter rare earths,
however we could not obtain this compound; the corresponding
‘GdsNi,Ges’ alloy contained three phases, CrB-type GdGe, TiNiSi-
type GdNiGe and AIB,-type GdNipgGeq4 [9-12].

3.3. Magnetic properties of HoNisGes, HosNi>Ges and Ho3Ni;;Gey
(with isostructural {Tb, Dy}sNi;;Gey)

According to the temperature dependence of the DC magneti-
zation, the YNisSis-type HoNisGes and ErNisGe,-type HoNisGe;
phases show no magnetic ordering down to 5K (Fig. 4a and b).
However, a slight upturn of the data below 20 K for HoNisGes and
below 40 K for HoNi3Ge, suggests a likely magnetic transition
below 5 K. The inverse susceptibility, 1/y, of HoNisGe; and HoN-
i3Ge, follows the Curie-Weiss law from 20 K and from 40K to
300 K, respectively (inset of Fig. 4a and b). From the Curie-Weiss
fits, an effective paramagnetic moment Mcg=10.76 pg/Ho with a
paramagnetic temperature fp= —2.1 K and Meg=10.86 ig/Ho with
Op=—3.1 K were obtained for HoNisGe; and HoNisGe,, respec-
tively. The experimental magnetic moments are only slightly
higher than the theoretical value of 10.61 pg [37] for the free
Ho?™ ions, and such enhancement may come from the polariza-
tion of the conduction Ho d electrons by the localized 4f-electron
magnetic moments. Ni is unlikely to carry magnetic moments as
its 3d states will be filled. The negative paramagnetic temperatures
suggest possible antiferromagnetic transitions of HoNisGes and
HoNisGe, below 5 K.

The DC magnetization for HosNi,Ges, measured between 5 and
300K, is shown in Fig. 4c. The inverse magnetic susceptibility
follows the Curie-Weiss law in the temperature range from 50 to
300 K (inset of Fig. 4c); the fit yields an effective magnetic moment
M.s=10.76 pg/Ho, which is again close to the theoretical value for
the free Ho>* ion [37]. Similarly to both HoNisGes; and HosNi,Ges,
there can be some contribution from the polarized Ho d electrons
in HosNi,Ges. Even though the nature of the magnetic transition in
HosNi,Ges cannot be established with certainty (there are not
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Table 2
Crystal data of the ternary compounds in the Ho-Ni-Ge system.
N % Compound Space group Type structure a (nm) b (nm) ¢ (nm) Rk (%) Refs.
1 HoNisGes Pnma YNisSis 1.9067 0.38583 0.6790 [9-13]
1.90658(8) 0.38562(1) 0.67931(3) 3.1 b-
2 HosNij;Gey P65/mmc ScsNip; Gey 0.82768(7) 0.86770(5) 6.0 b-
3 HoNisGe, 6 ErNisGe, 1.79988(6) 0.38020(1) 26 b-
4 HoNi,Ge; I4/mmm CeAl,Ga, 0.4021 0.9757 [9-12,14]
0.40291(2) 0.97703(7) 6.8 b-
5 HoNiGes Cmmm SmNiGes 0.40061 2.13830 0.40305 [9-12,15]
0.40334(6) 2.14535(22) 0.40406(6) 5.4 b-
6 HoNig ¢Ge>» Cmem CeNiSi, 0.3993(3) 1.5989(16) 0.4031(2) [9-12,16]
HoNip ssGe> Cmcm CeNiSiy 0.40843(4) 1.63069(13) 0.40207(4) 31 b-
HoNig 53Ge, Cmem CeNiSi, 0.40842(2) 1.61262(9) 0.39986(2) 6.7 b-
HoNig49Ge> Cmem CeNiSi, 0.40858(3) 1.61205(11) 0.39995(3) 6.2 b-
HoNig.41Ge» Cmem CeNiSiy 0.40761(2) 1.60128(9) 0.39767(3) 5.8 b-
HoNig19Ge Cmem CeNiSi, 0.40583(3) 1.58379(14) 0.39356(3) 8.5 b-
7 Ho,NiGeg Amm?2 Ce,CuGeg 0.4003 0.3947 21157 [9-12,17]
0.40079(3) 0.39590(3) 2.11969(19) 9.0 b-
8 HoNiGe Pnma TiNiSi 0.6856 0.42040 0.7256 [9-12,18]
0.68665(4) 0.42048(3) 0.72586(6) 33 b-
9 HoNipsGeqs © P6/mmm AlB, 0.4060 0.3970 [9,12,19]
Hos,NigGes; & P6/mmm AlB, 0.39827(4) 0.40482(3) 47 b-
HosgNij»Gesg © P6/mmm AIB, 0.40265(2) 0.40130(2) 41 b-
Hos5Ni;Gesg © P6/mmm AIB, 0.40656(2) 0.39786(1) 5.2 b-
Ho34NizoGess < P6/mmm AlB, 0.40796(3) 0.39488(3) 2.3 b-
Ho34NizGeyp © P6/mmm AlB, 0.41517(29) 0.39304(30) 47 b-
10 HosNixGes Cmem Hf;NisSis 0.41693(4) 1.02484(8) 1.39966(13) 45 b-
n HosNiGe; Pnma LasNiGe; 11195 0.4197 1.1192 [9-12,20]
1.12835(4) 0.41471(1) 1.11307(4) 40 b-
12 HosNi,Ges unknown b-
# Numbers match the ternary phases in Fig. 1.
b This work.
¢ Compositions belonging to the extended quasi-binary solid solution of Ho,Ges.
Table 3a
Lattice and Rietveld refinement parameters for ScsNij;Ges-type R3Nij;Ges (R=Sc, Y, Tb-Lu, space group P6s/mmc, N 194, hP36).
Compound a (nm) ¢ (nm) cla V (nm?) R (%) Refs.
Sc3Nij Gey 0.8130 0.8505 1.04613 0.48684 [8,12]
Y5NiyGey 0.8319 0.8821 1.06034 0.52868 [4,12]
Y5Nip; Gey 0.83039(5) 0.87018(5) 1.04792 0.51964 29 b-
Tb3Niq;Gey ~ 0.8321 0.8832 1.06141 0.52959 [4,12]
TbsNi;;Gey 0.83101(6) 0.87154(4) 1.04877 0.52123 3.8 b-
DysNiy; Geg 0.8317 0.8807 1.05892 0.52758 (4,12]
Dy5Niy;Gey 0.82963(6) 0.86940(5) 1.04794 0.51823 35 N
HosNiyGey 0.82768(7) 0.86770(5) 1.04835 0.51478 4.0 b-
ErsNiy;Gey 0.82735(5) 0.86612(4) 1.04686 0.51344 36 b-
Tms3Niq;Gey 0.8279 0.8690 1.04964 0.51583 [5,12]
TmsNiy;Gey 0.82634(6) 0.86467(4) 1.04639 0.51133 5.3 b-
Yb;Niy;Gey 0.8259 0.8648 1.04710 0.51086 (6,12]
LusNiy;Gey 0.8249 0.8641 1.04752 0.50921 [7,12]

a Atomic parameters for HosNiy Ges: Hol 61 [0.1887(2), 2x, 1/4], Nil 12k [0.1636(3), 2, 0.5857(3)], Ni2 6h [0.5674(4), 2x, 1/4], Ni3 4f[1/3, 2/3, 0], Ge1 6g [1/2, 0, 0], Ge2 2a [0,
0, 0], p11=/22=0.004866, $12=0.002433, $33=0.003320, p11 =P22=B11/(30%), p12=B11/(6a*), B33=B33/(2¢?).

b~ This work.

Table 3b

Interatomic distances in the Sc3NiyGes-type HosNij;Ge, phases (ESD + 0.0004 nm). Their ratio to the sum of the atomic radii of the corresponding elements is given as
A =D|(Tatom1 + 'atom2); THo=0.17658 nm, rn;=0.12459 nm, rc.=0.1225 nm [27,36]; CN is the coordination number.

Atom- Atom D (nm) A Atom- Atom D (nm) A Atom- Atom D (nm) A
Ho - 4Nil 0.29166 0.97 Nil - 1Ge2 0.24604 1.00 Ni2 - 2Gel 0.23747 0.96
Ho - 2Ni2 0.29328 0.97 Nil - 2Gel 0.25236 1.02 Ni2 - 2Ni2 0.24648 0.99
Ho - 2Nil 0.29350 0.97 Nil - 2Ni2 0.25526 1.02 Ni2 - 4Nil 0.25526 1.02
Ho - 2Ni3 0.30008 1.00 Nil - 1Ni3 0.25444 1.02 Ni2 - 2Ni3 0.25944 1.04
Ho - 4Gel 0.31240 1.04 Nil - 2Nil 0.27771 11 Ni2 - 2Ho 0.29328 0.97
Ho - 2Ge2 0.34675 116 Nil - 1Ni1 0.28513 114 CN=12
Ho - 2Ho 0.35913 1.02 Nil - 2Ho 0.29166 0.97

CN=18 Nil - 1Ho 0.29350 0.97 Ge2 - 6Ni1l 0.24604 1.00

CN=12 Ge2 - 3Ho 0.34675 1.16

Ni3 - 3Gel 0.23893 0.97 Gel - 2Ni2 0.23747 0.96 CN=9
Ni3 - 3Nil 0.25444 1.02 Gel - 2Ni3 0.23893 0.97
Ni3 - 3Ni2 0.25944 1.04 Gel - 4Nil 0.25236 1.02
Ni3 - 3Ho 0.30008 1.00 Gel - 4Ho 0.31240 1.04

CN=12 CN=12
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Table 4

Lattice parameters and refinement agreement factors for RNisGe; (ErNisGe,-type structure, P6, N 174, hP72).

Compound a (nm) ¢ (nm) cla V (nm?) Rk (%) Refs.
YNisGe, 1.80371(16) 0.38073(2) 0.21108 1.07271 3.0 b-
HoNisGe, * 1.79988(6) 0.38020(1) 0.21124 1.06667 2.6 b-
ErNi;Ge, 1.79662 0.379410 0.21118 1.06060 [12,21]
TmNi5Ge, 1.78950 0.37890 0.21174 1.05080 [5,12]
YbNizGe;, * 1.79116(8) 0.37918(1) 0.21169 1.05353 2.6 b-

#"Atomic positions of isostructural ErNi;Ge, [21] were used for RNizGe;, R={Y, Ho, Yb}: R1 3k [0.0088, 0.5756, 1/2], R2 3k [0.0969, 0.3366, 1/2], R3 3k [0.3345, 0.1678,1/2], R4
1e [2/3,1/3, 0], R5 1d [1/3, 2/3, 1/2], R6 1a [0, 0, 0], Ni1 3k [0.0906, 0.1590, 1/2], Ni2 3k [0.2404, 0.2725, 1/2], Ni3 3k [0.4229, 0.0487, 1/2], Ni4 3k [0.5817, 0.1831, 1/2], Ni5 3j
[0.0571, 0.4501, 0], Ni6 3j [0.1759, 0.6205, 0], Ni7 3;j [0.1918, 0.0037, 0], Ni8 3;j [0.1962, 0.1541, 0], Ni9 3j [0.2168, 0.4970, 0], Ni10 3;j [0.2602, 0.3850, 0], Ni11 3j [0.4650, 0.1803,
0], Ni12 3j[0.4747, 0.3216, 0], Ge1 3k [0.1405, 0.5176, 1/2], Ge2 3k [0.1480, 0.0690, 1/2], Ge3 3k [0.2827, 0.4804, 1/2], Ge4 3k [0.5217, 0.2698, 1/2], Ge5 3j [0.1457, 0.2482, 0], Ge6

3j [0.3272, 0.2933, 0], Ge7 3j [0.3363, 0.0410, 0], Ge8 3j [0.5241, 0.0853, 0].
b This work.

Table 5a

Unit cell data of Hf5Ni,Sis-type R3Ni,Ges (R=Y, Tb-Tm, Lu, space group Cmcm, N 63, 0C32).

Compound a (nm) b (nm) ¢ (nm) V (nm?3) Rr (%) Refs.
Y5NiyGes 0.41888(1) 1.03078(5) 1.40633(5) 0.607216 3.1 b-
Tb3Ni,Ges 0.42002(3) 1.03333(8) 1.41055(11) 0.612206 41 b-
Dy3Ni,Ges 0.41903(6) 1.02846(19) 1.40460(21) 0.605320 44 b-
HosNi,Ges 0.41694(4) 1.02487(9) 1.39977(10) 0.598135 4.5 b-
Er;NiyGes 0.41613(2) 1.01978(5) 1.39298(7) 0.591126 43 b-
Tm;3Ni,Ges 0.41498(3) 1.01573(7) 1.38657(9) 0.584450 6.4 b-
LuzNi,Ges 0.4140 1.0103 1.3789 0.576745 [7,22]

3- Atomic positions of TbsNi,Ges: Tb1 8f [0, 0.4117(3), 0.1099(2)], Tb2 4c [0, 0.1286(4), 1/4], Ni 8f [0, 0.7057(8), 0.0999(6)], Ge1 4c [0, 0.8315(9), 1/4], Ge2 8f [0, 0.1248(5),
0.0416(4)], p11=0.014171, f1,=0.002341, fi33=0.001257 (B1,=B11/(2a%), f22=B22/(2b2), f33=B33/(2c2)).

b~ This work.

Table 5b

Interatomic distances in the Tb3Ni,Ge; compound, Hf3Ni,Sis-type (ESD + 0.0005 nm). Their ratio to the sum of the atomic radii of the corresponding elements is given as
A =D|(T'atom1+ T'atomz2); Fo=0.17788 nm, ry;=0.12459 nm, rc.=0.1250 nm [27,36]; CN is the coordination number.

Atom - Atom D (nm) A Atom - Atom D (nm) A Atom - Atom D (nm) A
Tb1 - 2Gel 0.30004 1.00 Tb2 - 2Ge2 0.29398 0.98 Ni - 2Ge2 0.24053 0.97
Tb1 - 2Ge2 0.30198 1.01 Tb2 - 2Gel 0.29675 0.99 Ni - 1Gel 0.24845 1.01
Tb1 - 2Ni 0.29936 0.99 Tb2 - 1Gel 0.30700 1.02 Ni - 1Ge2 0.26555 1.07
Tb1 - 1Ni 0.30413 1.01 Tb2 - 4Ni 0.30867 1.02 Ni - 2Tb1 0.29936 0.99
Tb1 - 1Ge2 0.31172 1.04 Tbh2 - 2Tb1 0.35303 0.99 Ni - 1Tb1 0.30413 1.01
Tb1 - 2Ge2 0.31918 1.06 Tb2 - 4Tb1 0.36523 1.03 Ni - 2Tb2 0.30867 1.02
Tb1 - 1Ni 0.31983 1.06 CN=15 Ni - 1Tb1 0.31983 1.06
Tb1 - 1Tb2 0.35303 0.99 CN=10
Tb1 - 1Tb1 0.35976 1.01 Gel - 2Ni 0.24845 1.01
Tb1 - 2Tb2 0.36523 1.03 Gel - 2Tbh2 0.29675 0.99 Ge2 - 2Ni 0.24053 0.97
Tb1 - 1Tb1 0.39524 11 Gel - 4Tb1 0.30004 1.00 Ge2 - 1Ni 0.26555 1.07
CN=16 Gel - 1Tb2 0.30700 1.02 Ge2 - 1Ge2 0.28336 1.16
CN=9 Ge2 - 1Tb2 0.29398 0.98
Ge2 - 2Tb1 0.30198 1.01
Ge2 - 1Tb1 0.31172 1.04
Ge2 - 2Tb1 0.31918 1.06
CN=10

enough data points at lower temperatures), both the shape of the
magnetization curve and a negative paramagnetic temperature
Op=—2.9 K indicate that HosNi,Ge; may order antiferromagneti-
cally with Ty~7 K.

The DC magnetization of Sc3NijGeg-type TbsNij;Gey,
DysNiy;Ge4 and HosNiy;Ge4 does not show magnetic ordering down
to 5K (Fig. 5). However, the upturn of the data below ~30K for
TbsNi;;Gey, DysNij;Ges and HosNij;Ge, suggests a likely magnetic
transition below 5K and the inverse susceptibility, 1/y, of these
compounds follows the Curie-Weiss law from from ~30 K to 300 K
(inset of Fig. 5a-c). From the linear fit of the data, effective
paramagnetic moments for TbsNi;;Ge4, DysNij;Ge4 and HosNij1Gey
are Meg/fu=17.07 pg (Me/Tb=9.85 Hg), Megi/fu=18.88 pg (Meg/

Dy=10.90 pg) and Meg/fu=18.91 pg (Megr/Ho=10.91 pp), respec-
tively. The experimental magnetic moments slightly higher than
the theoretical value of terbium (9.72 pg), dysprosium (10.65 pig)
and holmium (10.61 pg) [37] for free R** ions, which may come
from the polarization of the conduction rare-earth d electrons by
localized 4f-electron magnetic moments. Again Ni should not give
any contribution to the magnetic moments due to its fully occupied
d states.

The positive paramagnetic temperatures of 3.7 K, 3.1 K and 1.5 K
for TbsNi;;Geys, DysNiy;Ges and HosNiyGey, respectively, suggest
possible ferromagnetic transitions in these compounds below 5 K.

The magnetic data for the ternary compounds in the Ho-Ni-Ge
system and {Tb, Dy}sNiy; Ge4, compounds (paramagnetic temperatures,
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Fig. 4. Magnetization as a function of temperature measured on field cooling at

100 Oe of (a) HoNisGes (b) HoNizGe, and (c) HosNi,Ges compounds; the inset
shows the inverse magnetic susceptibility.

effective magnetic moments and magnetic ordering temperatures) are
summarized in Table 6.

4. Discussion and conclusions

The current investigation of the Ho-Ni-Ge system expands the
series of the R-Ni-Ge systems, for which the isothermal sections
have been previously constructed. The novel ternary phases discov-
ered in the system also expand the family of the isostructural rare-
earth-nickel germanides. A distribution map of the crystal structures
along the entire lanthanide series, including La, Y and Sc, is
summarized in Table 7. The rare-earth sequence in this table (Eu-
La-Ce-Pr-Nd-Sm-Gd-Tb-Dy-Y-Ho-Er-Tm-Yb-Lu-Sc) has been
intentionally chosen as it represents a systematic decrease in the
unit cell parameters of the isostructural compounds (including Yb
when in the trivalent state). This sequence mirrors the W— a-La—

a
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Fig. 5. Magnetization as a function of temperature measured on field cooling at 100 Oe
of (a) Th3Niy;Gey, (b) Dy3Niy;Ge4 and (c) HosNiyGey compounds; the inset shows the
inverse magnetic susceptibility.

Sm— Mg structural sequence observed for pure rare-earth metals
and one could argue that this sequence influences the structure of
the binary and ternary compounds as well. Knowledge on the known
ternary rare-earth compounds (Table 7) can be used to predict the
formation of isostoichiometric and isostructural compounds in other
systems; in fact, in the new compounds identified in this study were
anticipated based on the similar crystallographic and physico-
chemical behavior of neighboring rare earths. Following this argu-
ment about the similarity across the lanthanide series, we can predict
the existence of the LuNisGe, and YbsNi,Ges compounds (ErNisGe,-
type and Hf3Ni,Sis-type, respectively), and of the ~{Dy, Er}sNi,Ge;
phases (yet with unknown crystal structure).

The magnetic measurements on HoNisGes, HoNizGe,, HosN-
i;1Ge4 and HosNi,Ges supplement our knowledge on the magnetic
behavior of the ternary compounds in the Ho-Ni-Ge system. In
general, Ho-rich and Ni-rich phases in the Ho-Ni-Ge system have
dominant ferromagnetic ground state interactions, while the
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Table 6
Weiss temperatures @p, effective magnetic moments per rare-earth atom Meg/R, and ordering temperatures (antiferro Ty, mixed ferro-antiferro Tey) of holmium nickel
germanides.
Compound Type structure Or (K) Meg/R ([s) Ordering temperature Refs.
Tb3Nij;1Gey ScsNipGey 3.7 9.85 - &
Dy3NiyGey ScsNipGey 3.1 10.90 - &
HosNi;;Gey Sc3Niy1Gey 15 10.91 - a
HoNisGes YNisGes —-21 10.76 - a
HoNi;Ge, ErNisGe, -31 10.89 - &
HoNi,Ge, CeAl,Ga, 1.0 10.27 Tn=4.8K [12,28]
HoNiGes SmNiGes -39 10.69 Tn=10K [38]
HoNig sGe; CeNiSi, Tn=11K [39]
Ho,NiGeg Ce,CuGeg -1 10.58 Tn=14K [12,29]
HoNiGe TiNiSi -3.7 1043 [12,30]
Ho,NiGes AlB, [19]
HosNi>Ges Hf3Ni,Sis -29 10.74 Tn=7K &
HosNiGe, La;NiGe; 30.2 10.61 Ten=43 K [31]
This work.
Table 7
Ternary compounds and their type structure in the R-Ni-Ge systems.
— Decreasing of unit cell parameters of the compound —
RT Type structure of Rare Earth — w a-La Sm Mg
R (at%) Compound Structure Space group Eu La Ce Pr Nd Sm Gd Th Dy Y Ho Er Tm Yb Lu Sc
714 RNigsGey s LaCogSig I4/mcm + + + + + +
7.69 RNigGeg ScNigGeg P6/mmm +
1111 RNisGes YNisSis Pnma + + + + + + + + + +
12.50 R>NigGes Unknown +
14.29 RNis;Ges SmNis;Ges I4/mmm +
16.67 RNisGe, ErNisGe, P6 - &) =) + + &} -
RsNiyiGey EuMgs PG3/mmc - + + + ® ® 4+ + + +
20.00 RNi,Ge, CeAl,Gay I4/mmm + —+ + + + + + + + + + + + + +
R,NisGes U,CosSis Ibam + +
Unknown + +
RNiGes SmNiGes Cmmm + —+ + + —+ + + + + +
ScNiSis Amm?2 + + + +
LuNi; _,Ges C2/m + +
YbNiGe~3 14,/amd +
BaNiSn3 I4mm +
20.69 ReNisGes ThgMna3 Fm3m +
22.22 R>NiGeg Ce,CuGeg Amm2 + + + + + + + + + + + + +
25.00 RNi; _xGe; CeNiSi, Cmcm + + + + + + + + + + + + + + +
R3Ni,Ge, LazCo,Sn, Cmmm +
27.27 R3NisGey U3NiySiy Immm + + + +
33.33 RNiGe TiNiSi Pnma + + + + + + + + + + + + +
EuNiGe P2,/b +
RNiGe, AlB, P6/mmm + + —+ —+ —+ —+ —+ + + + + + +
37.50 R3NiyGes Hf3Ni,Sis Cmcm - o o @ o [} [} - +
50.00 RoNiGe La;NiGe I4/mcm + +
RsNi,Ges Unknown - <) N
R3NiGe, LasNiGe, Pnma + + + + + + + + + + + +
52.38 R11NisGeg Ce1NisGeg C2/m + +
55.56 RsNiGes HfsCuSns P63/mcm +
5714 RgNiGes LagNiGes Pmmn +
62.50 RsNiGe, CrsBs I4/mcm +

+Known compound [1-22]; @ new compound detected in present work; — the possible extension of compound’s row;

remaining phases often display antiferromagnetic orderings at low
temperatures. We suggest that the magnetic behavior of the
ternary compounds in the {Gd, Tb, Dy, Er, Tm}-Ni-Ge systems
follows this trend as well.
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