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Abstract The interaction of components in the Dy-Sm-Ge
system at 873 K was investigated by means of x-ray phase
and structural analyses, microstructural analysis and energy
dispersive x-ray spectroscopy. The existence of the con-
tinuous solid solutions between the isostructural binary
germanides of the Dy;_,Sm,Ge (CrB-type), Dys_.Sm,Gey
(SmsGey-type) and Dys,Sm,Ge; (MnsSiz-type) were
established. The limited solid solutions based on the binary
germanides of the SmGe, (a-ThSi,-type), DyGe, (TbGe,-
type) and Dy, Geq (Ho;,Geo-type) are formed. The sol-
ubility of Dy in SmGe, is 15 at.%, Sm in DyGe, and
Dy,1Ge;p — 10 at.%, Sm. Two ternary Sm,Dy, ,Ge, s
(x = 0.15-0.50) and Sm,Dy,Ge; compounds were found.
Sm,Dy;_,Ge, 5 crystallizes in AlB, structure type. The
crystal structure of the new ternary compound of the
Sm,Dy,Ge; (ordered superstructure to NdyGe;-type,
Pearson symbol 0544, space group C222;, a = 0.5942(1),
b = 1.3823(4), ¢ = 1.1801(3) nm, V = 0.9694 nm®) was
investigated by means of x-ray single crystal diffraction.
The germanium atoms form 3D anionic network the
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existence of which was confirmed by electronic structure
calculations.

Keywords Dy-Sm-Ge - isothermal section - phase
diagram - solid solution - intermetallics - crystal structure

1 Introduction

Rare-earth intermetallics have been extensively studied in
different fields and applications, including magnetic
materials, thermoelectric, hydrogen storage materials and
other.'"*! The development of new materials on the base of
rare-earth metals alloys requires systematic investigation of
interactions between the components in binary, ternary and
multicomponent systems, construction of their phase dia-
grams, and determination of crystal structure of the
obtained phases.

In literature there are experimental data on ternary R-R’-
Ge systems, where R and R’—rare earth metals cerium or
yttrium subgroups. The most detailed were studied the
sections between digermanides RGe,-R’Ge,.*! On these
sections the solid solutions as well as individual ternary
phases are formed. The continuous solid solution for
DyGe,-TbGe, section was observed. In the DyGe,-RGe,
(were R = Er, Ho, Tm and Lu) sections forms the limited
solid solutions. In the ternary systems with dysprosium the
intermetallic compounds Dyq¢7;Tmg33Ge 1_85,[4] Dyos
Hoo sGe; 75 and Dy0_6Lu0_4Gez[6] were observed. In the
systems with samarium only one ternary compound of
Sm0,625Lu0,375Gel_85[7] was studied.

In this contribution we report experimental results of the
investigation of isothermal section at 873 K of phase dia-
gram of the Dy-Sm-Ge ternary system in full concentration
range.
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2 Literature Data on Boundary Binary Diagrams
2.1 Sm-Ge System

The Sm-Ge phase diagram (Fig. 1a) was critically assessed
by Gokhale and Abbaschian'® based on experimental data
of Eremenko et al.”! Five binary compounds SmsGes,
SmsGey, SmGe, SmGe; 5, SmGe, forms in the Sm-Ge
binary system. SmsGe; phase melts congruently at 1973 K.

SmGe; 5 (or Sm,Ges) compound exists in three poly-
morphic modifications. The polymorphic transition
o-SmGe; s <« B-SmGe;s occurs at 1018 K, and the
B-SmGe, 5 <> y-SmGe; 5 polymorphic transition is at 1358
K. The orthorhombic and hexagonal SmsGes''®'" phases
are the a-SmGe, 5 and B-SmGe, s polymorphic modifica-
tions respectively.

The SmGe,"?! compound according to the structural
data has a composition of SmGe, ¢;'”' and forms by peri-

The SmsGe,, SmGe and Sm,Ge; (SmGe,;s) forms  tectoid reaction.
peritectically. The described earlier SmyGe,''*'* and SmGes!”!
compounds which are not observed on phase diagram,
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Fig. 1 Phase diagram of Sm-Ge (taken from Ref 8), Dy-Ge!'”! and Dy-Sm"®” binary systems
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probably, are metastable phases. Crystals of Sm,Ge; was
prepared by Zhang et al.!'¥ using the flux method, flux In
(99.99 wt.%), heated to 1373 K at a rate of 300 K hfl,
heated at 1373 K for 1.5-3 h, cooled to 673 K over 20 h and
structurally investigated by both x-ray and electron
diffraction. This structure belongs to superstructure of
RGe,_, with the a-ThSi, or a-GdSi, types at x = 1/4. The
orthorhombic structure is realized through the long-range
order of vacant Ge positions. The high-pressure phase
SmGes!'¥ synthesized by heating of pure elements at 1123
K and 10 GPa. New germanide Sm,Gey was received by
thermal decomposition of high-pressure phase SmGes''®!

Crystallographic characteristics of all known Sm-Ge
binary compounds are presented in Table 1.

2.2 Dy-Ge System

The Dy-Ge phase diagram (Fig. 1b) is redrawn from Ere-
menko et al.l'”! Seven binary compounds: DysGes, Dys
Gey4, DyGe, DyGe,; 59 (Dy,Ges), Dy3Ges, DyGe, g5 and
DyGe; forms in this system.“g’zf’] The DyGes;, DyGe, gs,
DyGe, 59, DyGe and DysGe, phases are formed by peri-
tectic reactions.

The polymorphic transitions o-DyGe; 59 < B-DyGe; ¢;
and B-DyGe, ¢, < y-DyGe,s at 1160 K and 1573 K are
observed respectively. The reaction of formation of the
Dy3Ges is peritectoid.

The DysGe; germanide melts congruently at 2100 K and
has a has an insignificant ~2 at.% homogeneity region.

During the investigation of polymorphism in the binary
rare-earth metal germanides the new hexagonal phase of
Dy;Ges was observed at 120 K by Tobash et al.*”!

The DyGe, o0, Dy3Ges (T = 20 K)** and Dy, ,Ge ("
compounds for which crystal structures were studied, but
are not displayed on the diagram.

New cubic phase DyGe,gs crystallized in the cubic
AuCuj structure type was synthesized at a pressure of 8
GPa and described by Tsvyashchenko ez al.”*!

Crystallographic characteristics of known Dy-Ge binary
compounds are presented in Table 2.

2.3 Dy-Sm System

The Dy-Sm phase diagram (Fig. 1b) is redrawn from
Okamoto.**! Dysprosium exists in two allotropic modifi-
cations: o-Dy (Mg-type) and B-Dy (W-type). The trans-
formation o-Dy < B-Dy occurs at 1654 K. Samarium
exists in three allotropic modifications: o-Sm (Sm-type),
B-Sm (Mg-type) and y-Sm (W-type). The transformation of
o-Sm to B-Sm occurs at 1007 K and the following trans-
formation of B-Sm < y-Sm is at 1195 K.

Based on the high-temperature modifications f-Dy and
v-Sm and low-temperature modifications o-Dy and B-Sm
forms continuous series of solid solutions (B-Dy/y-Sm and
o-Dy/B-Sm). Based on low-temperature modifications of
o-Sm limited solid solution is formed, and the homogeneity
region of which extends from 15 to 25 at.% Dy at room
temperature.

3 Experimental Details
Samarium, dysprosium and germanium, all with a nominal

purity greater than 99.9 wt.%, were used as starting
materials. The 64 samples a total mass of each about 2 g

Table 1 Literature data for

binary phases of the Sm-Ge Phase Structure type Pearson symbol Space group  Unit cell dimensions, nm Ref
system a b c
SmsGe; Mn;Sis hP16 P63/mem  0.866 0.649 9
SmsGey SmsGey oP36 Pnma 0.774 1.495 0784 9
SmGe CrB 0S8 Cmcem 0.436 1.086 0401 9
Sm;Ges Sm;Ges hP16 P-62¢ 0.69238 0.8491 10,11
(0-SmGe; 5)
Sm;Ges Y;Ges oF64 Fdd2 0.58281 1.7476  1.3875 10,11
(B-SmGe, 5)
v-SmGe; 5 AlB, hP3 P6/mmm 0.4005 0.4250 9
SmGe, a-ThSi, 112 14,/amd 0.412 1.396  9,12,13
(SmGe ¢3.1.73)
SmGe, 73 GdSi 4 ol12 Imma 041636 0.41643 13773 13
Sm,Ge; Nd,Ge, 0544 C222, 0.5890 13836 1.1788 13,14
Sm,Geg Nd,Gey oP22 Pmmn 0.39546  0.9464  1.2321 16
SmGes SmGes ol12 Immm 0.39805 0.61522 0.9839 15
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;?1212 ihisl::esritfuiﬁedg;—g)é Phase Structure type Pearson symbol Space group Unit cel dimensions, nm Ref

system a b ¢
Dy;sGe; Mn;Si; hP16 P63/mcm 0.844 0.633 18
DysGey SmsGe, oP36 Pnma 0.758 1.454 0.765 19
Dy,1Gejo Ho,,Geq 1184 14/mmm 1.081 . 1.629 20
DyGe CrB 0S8 Cmcm 0.4272 1.0678  0.3931 20
Dy;Gey Er;Gey 0528 Cmcm 0.4027 1.0599 1.4169 28
a-DyGe; 59 monoclinic  0.3944 0.6800  0.4135 10

p = 89.88

B-DyGe 6, a-ThSi, 12 14\/amd 0.4047 1.3716 21
v-DyGe; 5 AlB, hP3 P6/mmm 0.3920 0.4130 22
Dy,Geg Dy;1Geg 0F232 Fdd2 6.29970 1.3692  0.57159 23
Dy;Ges Y;Ges oF64 Fdd2 0.5729 1.7190 1.3678 25
Dy;Ges (120 K) Dy;Ges hP16 P-62¢ 0.68387 0.8293 27
DyGe; g5 DyGe; gs 0524 Cmc2, 041027 29705 039316 24
DyGe, o9 TbGe, 0524 Cmmm 0.4100 29753  0.4005 25
DyGe; g5 AuCujy cP4 Pm-3m 0.4286 29
DyGe; DyGe; 0516 Cmcm 0.4042 2.072 0.3919 26

were prepared by arc melting of pure metals in a high-
purity argon atmosphere. The mass losses after the melting
were less than 1 wt.%. After the melting the samples were
sealed in evacuated quartz ampoules and annealed at 873 K
during 720 h. After annealing the ampoules with the
samples were quenched in cold water.

Phase analysis of the samples was carried out with the
use of powder x-ray diffraction (XRD) (DRON-4.0M and
STOE STADI P diffractometers with Fe- and Cu-Ka
radiation, respectively). The obtained powder diffraction
data were analyzed by Rietveld method using Fullprof
software.”!! Wavelength Dispersive Spectrometry (WDS)
and CAMECA SX-100 Electron Probe Micro Analyser
(EPMA) and REMMA-102-02 scanning microscope were
used to measure the number of phases and their qualitative
and quantitative chemical compositions some alloys.

Single crystal diffraction data were collected by Xcal-
ibur™3 CCD diffractometer with graphite-monochro-
mated Mo-Ka radiation. Scans were taken in the ® mode,
the analytical absorption corrections were made by
CrysalisRed”? The crystal structure was solved by direct
methods and refined using the SHELX-97 program
package >4

The electronic structures of the ternary compound was
calculated using the tight-binding linear muffin-tin orbital
(TB-LMTO) method in the atomic spheres approximation
(TB-LMTO-ASA>")) using the experimental crystallo-
graphic data reported here. The exchange and correlation
were interpreted in the local density approximation.'**! All
the figures and graphics concerning electron structure cal-
culations were generated using wxDragon.*"!

4 Results and Discussion

4.1 Isothermal Section at 873 K of the Dy-Sm-Ge
System

The isothermal section of the Dy-Sm-Ge system at 873 K
was constructed by XRD and SEM-EPMA methods based
on the phase analysis of 13 binary and 51 ternary alloys
(Fig. 2a, b). This isothermal section in the full concentra-
tion region consists of 11 three-phase, 23 two-phase and 13
single-phase regions. From Fig. 3(a)-(h), it can be seen that
in the germanium-rich region at 870 K the stable phases are
the Dy,Sm,Ge; ternary compound, solid solutions phases
based on SmGe,, DyGe; ¢ and DyGe; binary compounds.
Formation of other binary phases known from the literature
(metastable) or solid solutions based on these phases are
not observed. The binary SmGe, , phase with o-ThSi,
structure type has homogeneity region from SmGe, to
SmGe, 47, although in the literature' ' for these compo-
sitions were indicated different structural types (a-ThSi,
and AlB, respectively). From the SmGe, ¢ to SmGe; 5 (o-
SmGe, 5) realized hexagonal Sm;Ges structure type.

The following three-phase regions were detected:

Dy 1 ,XszGe 1.9+ Dy] ,XszGe3+Ge, Dyl ,xSmx
Ge| o+ Dy,Sm,Ge;+Ge,

Dy, _Sm;Ge,+ Dy,Sm,Ge;+Ge,
Dy,Sm,Ges+Sm,Dy;_,Ge; s,

Dy, Sm;_,Ge,+ Dy,SmyGe;+Dy;_Sm,Ge, s,
Sm 1 —XDYXG62+Dy 1 —xsmee+Dy1 _xSmee 1.5>

Dys_.Sm,Ges+Dy_Sm,Ge+Dy ;_Sm,Ge,
Dy, _xSm,Ge; 9+Dy;_xSm,Ge, 5+Dy;Ges,

Dy 1 —xsmee 1 .9+
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Fig. 2 Gross compositions of
the analyzed Dy-Sm-Ge alloys
(a) and isothermal section at 873
K (b)

Ge

O- 1phase
©- 2phase
® - 3phase

Dy 20 Sm
(a)
873 K 1. SmxDy>Ger
2. SmyDy1xGei 5
SmGe:2
SmGes
DyGe SmGe
Dyl5| g}) \ SmsGes
DysGes SmsGes
Dy/f= > Sm
(b)
Dy, _Sm,Ge; s+DyGe, 50+Dy3Ges, Sm,Dy;_,Ge, s+ The single-phase regions consist new ternary com-

DyGe, 5o+ Dy;_Sm,Ge,

pounds of Dy,Sm,Ge; and Dy;_,Sm,Ge; 5, limited solid

Dy,Sm;_,Ge,+SmGe; s+Dy;_xSm,Ge. The micro- solutions based on binary compounds: Dy;_,Sm,Ges,

graphs of selected three-phase
Fig. 4(a-f).
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Fig. 3 Micrographs of selected samples from the Ge-rich region of
Dy-Sm-Ge system: (a) Dy,oSmsGe;s (light grey phase—Dy;_,Smy
Ge;o, composition from EPMA Dyj4 64)Smg24)Gesso(s); grey
phase—Dy,Sm;_xGes, Dy20.13)Sm4.8(3)Ge75.1(4); dark phase—Ge);
(b) DyoSm;oGego (grey phase—Dy,SmyGes, Dyj7.50)Smys (2
G664A4(3); dark phase—Ge); (C) DylgsmloGe72 (hght grey phase—
Dy, _xSm,Ge, g, Dy23.13)Sm10.6:3)Ge€66.34); grey phase—Dy,Sm,yGes,
Dy17.72)Smyg.1(2)G€e4.2(3); dark phase—Ge); (d) Dy oSm;3Gey, (light

Dys.xSm,Ges;. A solid solutions between the isostructural
binary compounds of Sm-Ge and Dy-Ge systems are
unlimited. All solid solution forms by mutual substitution
of Dy and Sm. The solubility of Sm in DyGej is less than 5
at.% Sm. At 873 K we are not confirmed the existence of
Dy;Ges compound, which was presented on the Dy-Ge
phase diagram (Fig. 1b)'">!, instead, we confirmed the
existence of Dy;;Geo phase which earlier was studied by
Tharp et al.""®, but is absent in Fig. 1(b).

4.2 Limited Solid Solutions

Limited solid solution from the SmGe,—DyGe; ¢ section.
The SEM/EPMA and XRD phase analysis of alloys (Fig. 3,
and Fig. S1) from the isoconcentrate Smz4Gegs—Dy34Gege
shows that the SmGe, (a-ThSi,- type) solve up to 15 at.%
Dy and DyGe;o (TbGe,- type) solve up to 10 at.% Sm.
Between these limited solutions, the formation of a new

100pm J

grey phase—Dy,Sm;_Ge;, Dyi0.13)Sm23.6(3)G€e6.34) rey phase—
Dy,Sm,Ge;, Dy 7.63)Smg23)Gees24); dark phase—Ge); (e) Dyoy
Sm;oGegs (grey phase—Dy; Sm,Ge9, Dy23.73Smio.13)Ges6.2¢4)5
single dark spots—Ge); (f) Dy;7Sm;;Gege (grey phase—Dy,Sm,Ge,
Dy17,7(2)Sm18,2(2)GeG4.1(3); Single dark SpOtS—GC); (g) DleSm24Ge66
(grey phase—Sml_nyxGez, Dy10A7(2)Sm22A9(3)Ge66‘4(4); single dark
spots—Ge)

ternary phase of Dy,Sm;Ge; was found (Fig. 3c-e). The
lattice parameters for alloys from the homogeneity range of
Sm,;_,Dy,Ge, solid solution were determined and refined
by powder diffraction data (Table 3 and Fig. 5a). The lat-
tice parameters show an decreasing trend with increasing
Dy content and the relative changes of the unit cell volume
of Sm;_,Dy,Ge,/SmGe, with the increase of Dy content is
presented in Fig. 5(a).

According to SEM/EPMA and XRD phase analysis data
(Fig. 3b, and Fig. S2) the DyGe, ¢ (TbGe,- type) solve up
to 10 at.% Sm. The lattice parameters for alloys from the
homogeneity range of Dy,_,Sm,Ge; o, (x = 0-0.30) solid
solution were determined and refined by powder diffraction
data are presented in Table 4). The lattice parameters
increase with increasing Sm content. The relative changes
of the unit cell volume of Dy;_,Sm,Ge;o/DyGe;q
Dy;1_xSm,Ge ¢/Dy;1Ge;o (d) with the increase of Sm
content is shown in Fig. 5(b).

@ Springer
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Fig. 4 Micrographs of selected three-phase samples from Dy-Sm-Ge
system: (a) Dy,;Sm;7Ge¢, (light grey phase—Dy;_,Sm,Ge, 5, com-
position from EPMA Dyy; 64)Sm;7.24)Ge60.24); gtey phase—Dy;_
Sm,Gej 9, Dy 64)Smg 24)Gegp.2(s); dark grey phase—Dy,Sm,Ge;,
Dy17.42)Smis.12Gesa.54); Ge); (b) Dyi7Smy Gegy  (light  grey
phase—Dy;_Sm,Ge, 5, Dy23.14)Smi6.84)G€60.14); grey phase—Dy;
SmgGe7, Dy17,4(2)Sm18.4(2)G664,2(4); GC); dark grey phase—Dnyml,
xGez, Dyi16@Sma14)Geesss); (€) DyzoSmpeGesy (light grey
phase—Dy; _,Sm,Ge, Dyi3.0(3)SM43.63Ge33.4(5); grey phase—Dy;_
Sm,Gey s, DY20A2(4)SIH19A6(4)G660A2(4); dark grey phase—

@ Springer

Dy,Sm;_,Ges, Dyi1.14)Smao.64)Ges6.3¢5)> (d) DysSmssGeyo (dark
grey phaSe—Dnyml_xGez, Dyl1.1(4)Sm22.6(4)G666A3(5); grey phaSe—
SmGel,5, Sm39'6(3)G660'4(4) brlght phase—Dyl_XSmee, Dy;;'l(g,)
Smsg 53)Ge33 455 (€) DyssSmsGeg, (light grey phase—DyGe, so,
Dyss73)Ges1.34); grey phase—Dy,_SmyGe;s, Dysi.14)Sms g
Geso.1(4); dark grey phase—DysGes, Dys7.6:3)G€62.4¢5); () Dy32Smao.
Geyg (light grey phase—Dys.Sm,Ges, Dy3322)Smas 32)Ge44.503);
grey phase—Dy1; xSmyGeio, Dyas.14)Smo.a4)Geq7.5¢5); dark grey
phase—Dy;_Sm,Ge, Dy17.03)SMu9 6(3)G€33.4¢5))
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Table 3 Composition of alloys Composition of alloys (at.%) Unit cell dimensions (nm) \% (nm3)
and unit cell parameters of
DyxSm;_Ge; (o-ThSi,- type) Sm Dy Ge a c c/a
and Dy ;,Sm,Ge ;o (Ho;1Gejo-
type) limited solid solutions Dy, Sm;_,Ge, (a-ThSi»- type)
34 0 66 0.4171(1) 1.3842(3) 3.3186 0.2408(1)
31 3 66 0.4168(4) 1.3794(3) 3.3095 0.2396(5)
28 6 66 0.4163(2) 1.3780(8) 3.3101 0.2388(3)
25 9 66 0.4159(3) 1.3774(1) 3.3119 0.2383(3)
22 12 66 0.4152(4) 1.3772(1) 3.3170 0.2374(5)
19 15 66 0.4136(2) 1.3770(5) 3.3293 0.2356(2)
18 16 66 0.4136(4) 1.3770(7) 3.3293 0.2356(6)
Dy;;-SmGe ;o (Ho;,Ge o type)
0 52 48 1.0811(2) 1.6296(4) 1.5074 1.9046(9)
10 42 48 1.08242(9) 1.6334(2) 1.5090 1.9137(3)
15 37 48 1.0824(3) 1.6333(6) 1.5090 1.914(1)
1.0050
1.0225 :
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S 0.9950 ~— S 10125
= T _ ~
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S 09990 . .
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(c) Sm, at.%

Fig. 5 The relative changes of the unit cell volume of Sm;_,Dy,Ge,/SmGe, with the increase of Dy content (a), Dy;_,Sm,Ge; o/DyGe; o
(b) and Dy;;_,Sm,Ge;¢/Dy;,Ge;( (c) with the increase of Sm content

Dy;1_xSm,Ge;p, (x = 0-2.1) limited solid solution. The
x-ray diffraction patterns of the studied Dy;;,Sm,Geo,
(x = 0 and 2.1) alloys were similar to each other and they
corresponded to single phase material with the tetragonal
Ho,,Geo-type of crystal structure. The alloy with x = 3.1

is no single phase and in addition to the tetragonal phase,
contains  additional hexagonal Dy,Sms,Ge; and
orthorhombic Dy,Sm;_,Ge phases. In Table 3 the appro-
priate unit cell parameters and calculated unit cell volumes
are presented. Careful analysis of the values of the lattice
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Table 4 Composition of alloys Composition of alloys (at.%) Unit cell dimensions (nm) \% (nm3)
and unit cell parameters of
Dy, xSmyGe, o (TbGe,- type) Sm Dy Ge a b c
limited solid solution
34 66 0.4090(3) 2.980(1) 0.3990(2) 0.4863(5)
3 31 66 0.4101(1) 2.9831(6) 0.3998(1) 0.4891(2)
26 66 0.4114(1) 2.9943(4) 0.4005(2) 0.4934(3)
10 24 66 0.4120(1) 2.9994(5) 0.4009(1) 0.4954(2)
13 21 66 0.4120(3) 3.0002(6) 0.4009(4) 0.4956(6)

2600:"'‘I"''Ig''"I"''I'"'I""I""I""I"''I"":

g Dyl11-xSmxGelO 1

. 2200 F Yobs ]
<] F ¥C%ICY i ]
= - obs-Ycalc o
g 1800 E Bragg_position E
£ 1400 F 3
= [ 3
2 1000 F -
'z : ]
5 600 3
- i ]
i E ]
200 -

| 100000 L0000 000 O 00O

W,IJMJJ\}M"WU’J'\W\MJJ\,J\»;\k,(,}V'M”"fMN‘NWWJWW-\,MM»M

Fig. 6 Observed (circles), calculated (line) and difference (bottom
line) x-ray powder diffraction patterns for Dy;;_,Sm;Ge ;o at x = 2.1
(R, = 5.12, R, = 6.84, Rg,qe, = 10.01, Ry = 9.35). Vertical bars
indicate the Bragg positions

parameters and the unit cell volumes indicates insignificant
increase of these parameters with partial substitution of Dy
by Sm atoms up to 10 at.% (Fig. 5c). Rietveld refinement
of the crystal structure of this solid solution for the alloy
with x = 2.1 (Fig. 6) showed that the substitution of Dy by
Sm occurs in two crystallographic positions 8% and 4e. At
the final, all parameters were refined up to Rg = 8.27, Rg
= 693, R, = 5.12,R,, = 6.84and y° = 1.47.

4.3 Continuous Solid Solutions

Three series Dy;_xSm,Ge, Dys_Sm,;Ge; and Dys_,Sm,Ge,
of continuous solid solutions at the 873 K in the Dy-Sm-Ge
system are observed. The SEM micrographs of selected
samples from homogeneity regions of continuous solid
solutions show their almost single phase state (Fig. S3).
Dy;_.Sm,Ge, (x = 0-1) continuous solid solution. Both
equiatomic binary DyGe and SmGe compounds crystallises
in a orthorhombic CrB—type in which the 4c crystallo-
graphic site occupy atoms of rare earth metals. Between

@ Springer

these binary compound four ternary alloys were prepared
and studied by SEM, EPMA (Fig. S3a-c) and XRD
(Fig. S4) method of analysis. Almost linear changes in the
unit cell parameters and volume are observed in fully
concentration range of this solid solution (Table 5) The
relative changes of the unit cell volume of Dy;_,Sm,Ge/
DyGe with the increase of Sm content is presented in
Fig. 7(a).

Dys..Sm,Ges, (x = 0-5) continuous solid solution. The
Dys..Sm,Ge; (x = 0-5) continuous solid solution was
detected by SEM, EPMA (Fig. 8d-f) and XRD (Fig. S5)
methods on the DysGe;—SmsGe; section. All samples
consist hexagonal phase with MnsSi; structure type. This
solid solution is formed by mutual substitution of rare earth
metals (Sm and Dy). The lattice parameters for alloys from
the homogeneity range of this solid solution were deter-
mined and refined by powder diffraction data (Table 6).
The relative changes of the unit cell volume of Dys.,
Sm,Ge3/DysGes obtained in this work show a tendency to
increase cell volume with increasing Sm content (Fig. 7b).

Dys..Sm,Gey, (x = 0-5) continuous solid solution. Six
alloys from the DysGe,—SmsGe, section were prepared
and analysed by SEM/EPMA (Fig. S3j-i) and XRD
(Fig. 7c) methods. Both binary phases crystallises in
orthorhombic SmsGe,-type. The x-ray powder diffraction
patterns obtained for all the investigated alloy samples
were completely indexed on the basis of the SmsGey-type
structure by the assuming a statistical distribution of the Dy
and Sm atoms on the both 8d and 4c sites. The Rietveld
analysis (Fig. 8) performed for the alloy of the Dy,g
Sms3s 5Geyq 5 composition has shown that the distribution of
its constituent atoms of rare earth metals in all sites are an
statistical mixed. The structural parameters were refined up
toRg = 643, Rp = 592, R, = 234, R,,, = 3.07 and
x> = 0.33. The lattice parameters for alloys from the
homogeneity range of this solid solution are presented in
Table 5 and Fig. 7(c) presents the relative changes of the
unit cell volume of Dys_,Sm,Ge,/DysGe,4 with the increase
of Sm content.
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Table 5 Composition of alloys S ) - . o 3
and unit cell parameters of Composition of alloys (at.%) Unit cell dimensions (nm) V (nm”)
Dy, _xSm,Ge (CrB-type) and Sm Dy Ge a b c
Dys.xSmyGey (SmsGeg-type)
continuous solid solutions Dy;_.Sm,Ge (CrB-type)
0 50 50 0.42719(8) 1.0678(3) 0.39309(6) 0.17931(7)
10 40 50 0.4283(3) 1.0692(6) 0.3935(3) 0.1804(2)
20 30 50 0.4309(2) 1.0739(5) 0.3961(3) 0.1833(2)
30 20 50 0.4338(5) 1.0774(5) 0.3972(4) 0.1856(3)
40 10 50 0.4353(7) 1.0817(8) 0.3982(6) 0.1875(4)
50 0 50 0.4387(1) 1.0891(6) 0.3993(1) 0.1908(1)
Dys..Sm,Gey (SmsGe-type)
0 55.5 445 0.7580(2) 1.4592(2) 0.7603(2) 0.8410(3)
15.5 40.0 44.5 0.7619(1) 1.4752(3) 0.7659(3) 0.8608(4)
35.5 20.0 44.5 0.76851(3) 1.4819(2) 0.7706(1) 0.8776(1)
455 10.0 44.5 0.7719(2) 1.4889(4) 0.7760(2) 0.8918(4)
55.5 0 44.5 0.7751(1) 1.4950(3) 0.7825(1) 0.9067(3)
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Fig. 7 The relative changes of the unit cell volume of Dy;_,Sm,Ge/DyGe (a), Dys_,Sm,Ge3/DysGes (b), Dys.Sm,Gey/ DysGe, (c) with the

increase of Sm content

4.4 Ternary Compounds

4.4.1 Dy,SmyGe; Ternary Compound

During a study of alloys from the Smj34Gegg—Dy34Gegg
concentration section the formation of a new ternary phase

of Dy,Sm,Ge; was found. The powder diffraction pattern
indicated that the Dy;Sm4Ge¢s alloy consists as main
phase of the Dy,Sm,Ge; and small amounts of Ge
(Fig. 9a). The irregular form single crystal was extracted
from this alloy after its defragmentation (Fig. 9b) and
diffraction pattern is presented in Fig. 9(c). The crystal
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structure of Dy,Sm,Ge; was investigated by single crystal
experiments and was successfully solved by direct methods
using SHELX-97 package programs. This compound may
be viewed as the ordered superstructure to Nd,Ge,-type.'*
The orthorhombic unit cell with C222; space group of this
intermetallic compound contains 44 atoms occupying 7
different Wyckoff sites. In the Nd,Ge;-type the all neo-
dymium atoms occupy the 4a, 4b and 8c sites, instead, in
the Dy,Sm,Ge- ternary phase, the first two sites occupy the
atoms of dysprosium, and the third site is occupied by the
atoms of samarium. This distribution of atoms gives the
nominal composition of Sm;g,Dy;5,Geg3.6, Which is very
consistent with the composition Smig 22Dy 17.72)G€64.1(3)
received from EPMA data. The crystal data and refined
atomic parameters for Dy,Sm;Ge; are listed in Tables 7
and 8 respectively. The structural parameters from single
crystal was confirmed by Rietveld refinements of powder
data (R, = 4.99,Ry, = 6.36,Rg = 8.11,Rr = 9.73 and
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Fig. 8 Observed (circles), calculated (line) and difference (bottom
line) x-ray powder diffraction patterns for Dys.,Sm,Ge, at x=3.2 (R,
=3.62, R,,, = 5.30, Rp, 400 = 7.31, Ry = 6.74). Vertical bars indicate the
Bragg positions

x* = 1.15). The projection of the unit cell and coordina-

tion polyhedra of the atoms is shown in Fig. 10. The dis-
torted equatorial four-capped trigonal prisms [RGe;(] are
typical for all rare-earth atoms. The germanium atoms are
enclosed in to tricapped trigonal prisms. The germanium
atoms form 3D network (Fig. 11a) and atoms of rare-earth
metals form filled and empty trigonal prisms which a
linked by lateral faces (Fig. 11b). The electronic structure
calculations by TB-LMTO-ASA confirm the existence of
3D network and the isosurfaces of electron localization
function (ELF) around the Ge atoms at the 0.70 level is
presented in Fig. 12(a).

The distribution of electron localization function around
Ge atoms and crystal chemical analysis suggest that 3D
network from germanium atoms form negatively charged
n[Ge;]*™ polyanions, which are compensated by posi-
tively charged 2nDy™" and 2nSm™" polycations. It should
be noted, that for intermetallics there are known examples
of compounds with polyanions, here are some of the pre-
viously investigated: LiGe, (n/Ges]" polyanion),*”! Li,
Ge,B  (n[B;Geg™),*"!  LiscAlL,Sns  (n[ALSns]™),**
TmNi; _,Li,Sn, (n[Sn]"™ )+ and LasMgsGeg
(n[MgsGes]’ ).

The description of chemical bonding used by us to some
extent was based on the Zintl-Klemm concept according to
which structure consists of a polyanion with cations located
between the anionic lattice. In the typical Zintl phases the
anion-cation interaction prevails, and they have low con-
ductivity, or semiconductivity. This causes an insignificant
density of states or a pseudo-gap at the Fermi level. The
Dy,Sm,Ge; structure, like other similar phases well-known
from literature, has a predominant metallic bonding, and
cation-anion interaction is an additional interaction based
on partial charges.

The total and partial density of states (DOS) for the
Dy,Sm,Ge; is shown in Fig. 12(b). The higher density of

Table 6 Composition of alloys

. Composition of alloys (at.%) Unit cell dimensions, nm V, nm

and unit cell parameters of

Dys..SmyGe; (MnsSis-type) Sm Dy Ge a c c/a

continuous solid solution
0 62.5 375 0.8442(2) 0.6337(4) 0.7507 0.3911(3)
10.0 525 37.5 0.8482(2) 0.6364(3) 0.7503 0.3965(3)
20.0 42.5 375 0.8489(2) 0.6375(3) 0.7510 0.3978(3)
30.0 32.5 37.5 0.8525(3) 0.6401(4) 0.7509 0.4029(4)
40.0 22.5 37.5 0.8583(7) 0.6457(9) 0.7523 0.4120(9)
50.0 12.5 37.5 0.8618(2) 0.6464(2) 0.7501 0.4158(2)
60.0 25 37.5 0.8654(3) 0.6459(3) 0.7464 0.4189(4)
62.5 0 375 0.8661(2) 0.6519(2) 0.7527 0.4235(2)
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Fig. 9 Observed (circles), 3000
calculated (line) and difference i
(bottom line) x-ray powder
diffraction patterns for
DyQszGe7 (Rp = 499, pr = i
6.36, Rg = 8.11, Rg = 9.73) (a). 2000 =
Image of single crystal (b) and
diffraction pattern of
Dy,Sm,Ge; single crystal (c)

1000 =

Intensity (arb. units)
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electronic states at the Fermi level confirm the metallic
behaviour. The feature of this structure is a very intense
peaks from the overlapping of the f orbitals of Dy and Sm
with p orbital of Ge in the valence band nearly Fermi level.

4.4.2 Dy;_.Sm,Ge;s (x = 0.15-0.50) Ternary Phase

The samples of the compositions Dy4oGego, Dy35SmsGeg,
Dy30Sm10GeGO, DY2()SII120G€60 and DleSIn30G660 were
prepared and investigated by the XRD powder method
(Fig. S6a). The extent of homogeneity region of Dy;_4
Sm,Ge; 5, (x =0.15-0.50) ternary phase was determined
by the change in lattice parameters. The change in lattice
parameters with varying concentrations of Sm are pre-
sented in Table 9. From the data of Table 9 it is obvious

30 40 o0 60 70 8 90 100
20 ()

that replacement of Dy atoms by Sm atoms increases the
unit cell volume of Dy;_,Sm,Ge; s.

Rietveld matrix full-profile structure refinements con-
firm well the powder patterns calculated on the basis of
defected AlB, structure model (Fig. S6b). The /a site fully
occupied by statistical mixture of Dy and Sm atoms and the
germanium atoms partially occupy the 2d site. For the
Dy;_,Sm,Ge; 5 (x = 0.25) ternary phase after last cycle
refinement the residual factors are: Rp = 6.57, Rwp =
8.93, Ry = 837, R = 8.87,and > = 1.54.

The Dy;_,Sm,Ge, 5 is a ternary compound with wide
homogeneity of region, and can be interpreted as a residue
of a high-temperature solid solution based on high tem-
perature phase y-DyGe, s. It is known that germanium-rich
phases exhibit structural instability and, depending on the
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Table 7 Crystal data and structure refinement

Empirical formula Dy,Sm,Ge,
Formula weight 1133.83
Temperature T=293 K
Wavelength MoKa, 0.71073 nm

orthrhombic, C222, (20)
a = 0.59425(12) nm

b = 1.3823(3) nm

¢ =1.1801(2) nm

Crystal system, space group

Unit cell dimensions

Volume 0.9694(3) nm’
Calculated density 7.769 g/em®
Absorption coefficient 48.39 mm ™’
F(000) 1920
Theta range for data collection Omax = 27.5°, Opin = 3.0°
Index ranges —7<=h<=7,
- 17 <=k < =17,
—15<=l<=15
Reflections collected/unique 4404/1110

Refinement method Refinement on F?

Least-squares matrix: full

Data/parameters 1110/52
Goodness of fit on F* 1.13
R[F* > 2 o(F?)] 0.028
WR(F?) 0.088

Largest diff. peak and hole 1.58 and — 2.16 ¢ A™>

conditions and methods of synthesis, the purity of metals,
some phases may not form, and some, on the contrary, can
stabilize (the formation of metastable phases). Also, the
addition of a third component to binary germanides can
lead to the stabilization of structures that are typical for
metastable phases (as in the case of SmyGe; and Dy,
Sm,Ge,), or also stabilization of structures that are typical
for high-temperature phases (as in the case of DyGe, 5 and
Dy;_,Sm,Ge, 5). Similar cases are known in the literature,
for example, in system Sm-Ni-Ge!*! and Sm-Rh-Ge,[46]
the ternary phases SmNig sGe; 5 and SmRhg ¢Ge 4 with the
AlB, structure type also formed at 600°C, although high
temperature phase SmGe; s (AlB,-type structure) exist
above 1085°C). It should be noted that the formation of
superstructures to binary phases, as well as the decreasing
of the temperature of formation of high-temperature phases
at the addition of the third component, were found in other
systems which do not contain germanium, such as La-Ni-
Zn,""" Mn-AL-Li"™*! etc.

5 Summary

The isothermal section of phase diagram of the Dy-Sm-Ge
system was studied in the full concentration range by
means of x-ray phase and structural analyses, microstruc-
tural analysis and energy dispersive x-ray spectroscopy.
Phase relations of this system were determined at 873 K by
characterizing of 56 alloys. The features of this system are

Table 8 Fractional atomic

coordinates and thermal Atoms Site x/a y/a Za Uiso®1Ueq Occ.

?(i)ipll)aycfsmgfégfmmmrs (A% Sml 8(c) 0.2527 (1) 0.25203 (4) 0.37847 (5) 0.0123 (2) 1.0
Dyl 4(a) 0.0021 (1) 0.0000 0.0000 0.0102 (2) 1.0
Dy2 4(b) 0.0000 0.49901 (5) 0.2500 0.0169 (2) 1.0
Gel 8(c) 02521 (2) 0.1682 (1) 0.1446 (1) 0.0189 (3) 1.0
Ge2 8(c) 03143 (2) 03582 (1) 0.1549 (2) 0.0246 (4) 1.0
Ge3 8(c) 0.5023 (2) 0.0894 (1) 0.0018 (1) 0.0182 (3) 1.0
Ged 4b) 0.0000 0.0591 (1) 0.2500 0.0192 (4) 1.0

UI 1 U22 U33 U12 U|3 U23

Sml 00123(3) 001204 00125 (3)  0.0001 (2) ~0.0006 (3)  0.0002 (2)
Dyl 00101 (3) 00105 00100 @4  0.000 0.000 0.0004 (3)
Dy2 00166 (4) 00168 (4) 00172 (4)  0.000 ~0.0004 4)  0.000
Gel 00178 (6) 00189 (6) 00200 (8)  — 0.0001 (5)  0.0004 (7) 0.0001 (6)
Ge2  0.0222(6) 00217 (6)  0.030 (1) 0.0000 (5) 00010 (7)  — 0.0004 (7)
Ge3 00186 (6) 00191 (6) 00170 (7)  0.0000 (5) ~0.0008 (7)  0.0003 (6)
Ged  0.0207(9) 00188 (9  0.018 (1) 0.000 ~ 0.001 (1) 0.000
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Fig. 10 Unit cell and
coordination polyhedra of atoms

b
in the Dy,Sm,Ge, s

Fig. 11 The germanium atomic 3D network (a) and kind of linking
of the filled and empty trigonal prisms (b)

the formation of continuous solid solutions: Dy;_,Sm,Ge
(x =0-1), Dys5,Sm;Ge; (x =0-5) and Dys.,Sm,Gey,
(x = 0-5), and limited solid solutions: Dy;_,Sm;Ge o,
(x = 0-0.30), Dy,Sm;_,Ge, (x = 0-0.45) and Dy;;_,Sm,
Geg, (x =0-2.1). All solid solutions are formed by the
mutual substitution of atoms of rare earth metals.

= total
== Sm
= Ge

21 DOS

states

. 8 2 0 2
(b) Energy (eV)

4 6

Fig. 12 The isosurfaces of the ELF around the atoms (a) and total
and partial DOS (b) in the Dy,Sm,Ge; structure

Two ternary Dy, ,Sm;Ge;s (x = 0.15-0.50) and Sm,
Dy,Ge; compounds were found. The crystal structure of
Sm,Dy,Ge; was investigated by means of x-ray single
crystal diffraction: Pearson symbol 0S44, space group
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Table 9 Composition of alloys Composition of alloys (at.%) Unit cell dimensions (nm) V (nm?)
and unit cell parameters of
Dy, _.Sm,Ge, 5 (AlB,-type) Sm Dy Ge a c c/a
ternary phase
5 35 60 0.39314(6) 0.4131(1) 1.0508 0.05529(2)
10 30 60 0.39395(4) 0.41696(5) 1.0584 0.05604(1)
20 20 60 0.39703(5) 0.41967(7) 1.0570 0.05729(2)
30 10 60 0.3974(7) 0.4197(1) 1.0561 0.0574(2)
C222,, a = 0.5942(1), b = 1.3823(4), ¢ = 1.1801(3) 14. J. Zhang, P.H. Tobash, W.D. Pryz, D.J. Buttey, .N. Hur, J.D.
nm, V = 0.9694 nm3. This compound is ordered super- Thompsor}, JL Sarrao, a}nd S. Bot')ev, Synthesis, Structural
. Characterization, and Physical Properties of the Early Rare-Earth
structure to Nd,Ge;-type. The electronic structure was Metal Digermanides REGe,_, (x ~ 1/4) [RE = La-Nd, Sm].
Calculated by the tlght—blndlng linear mufﬁn-tin Orbital A Case Study of Commensura[e]y and Incommensurately
atomic spheres approximation method. The electron Modulated Structures, Inorg. Chem., 2013, 52(2), p 953-964
localization function is higher around the Ge atoms, which 15. K. Meler,. C. Koz, A. Kerk‘au, and U. Schwarz, Crystal Structure
dm- . of Samarium Pentagermanide, SmGes, New Cryst. Struct., 2009,
form an n/Ge,]”"" polyanion. 224(3), p 349-350
16. K. Meier, A. Wosylus, R.H. Cardoso Gil, U. Burkhardt, C. Curfs,
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