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The phase equilibrium diagram of the Dy—Cr—Ge ternary system was constructed over the whole concentration
range at 1073 K using methods of powder X-ray diffractometry, metallography, and electron microprobe analysis.
Three ternary compounds are formed in the Dy-Cr-Ge system at the annealing temperature: Dyi117Crs2Ger12
(Tb117Fes2Ger12 structure type, space group Fm-3m, a =2.8723(8) nm), DyCreGes (SmMneSns structure type, space
group P6/mmm, a = 0.51642(1), ¢ = 0.82767(2) nm), DyCrixGe> (CeNiSiz structure type, space group Cmcm,
a = 0.41249(5)-0.4140(3), b = 1.58287(2)-1.5890(7), ¢ = 0.40048(5)-0.4001(2) nm). The DyCrixGe2 compound
with CeNiSiz structure type is characterized by a small homogeneity range limited by the DyCro2sGe2 and
DyCro.30Ge2 compositions. The solubility of chromium in the binary germanide DysGes; (MnsSis-type) extends up
to 4 at. %. The DFT calculations were used to evaluate the thermodynamic, elastic and electrical properties of the

DyCr1+Ge2 compound.
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Introduction

The investigation of phase equilibria of the
Dy—Cr—Ge system is part of a systematic study of the
interaction between the components in ternary systems
based on rare earth metals with 3d-elements and
germanium to find new intermetallic compounds and
study their physical properties To better understand the
physical properties of intermetallics, the important step is
to determine their relation of equilibrium with other
phases and peculiarities of the crystal structure.

Among the ternary systems R—Cr—Ge (R is a rare
earth metal), phase equilibrium diagrams are studied for R
=Nd, Y, Gd, Er, and Tm [1-5]. Analysis of the literature
data shows that the most studied compounds are RCri.,Ge;
(CeNiSiz-type) [6], RCreGes (SmMneSne-type) [7], and
RCrGes (BaNiOs-type) [8]. RCrGe; germanides (R = La-
Nd, Sm) are characterized by ferromagnetic behavior with
high Curie temperatures ranging from 60 to 155 K [8].
Detailed structural study of the RCr¢Ges compounds
(R=Gd, Dy-Lu) shows that all studied compounds
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revealed the off-stoichiometric composition [7]. Magnetic
property measurements of RCr¢Ges germanides found
magnetic ordering on TbCrsGes, DyCrsGes, and ErCrsGes
[9, 10], TmCr¢Ges and LuCrsGes are paramagnets down
to 2 K [7]. YbCrsGes germanide exhibits a magnetic
transition at 3.4 K [7] with the ferrimagnetic ordering of
the Cr and Yb sublattices. Ri17Crs»Ge112 compounds with
a giant unit cell (Tbii7FesxGerio-type, a~2.9 nm) were
found with R=Nd, Sm, and Gd [11, 12, 4]. The complexity
of their crystal structure, which provides low thermal
conductivity, is a basis for the creation of promising
thermomagnetic materials.

In this contribution, we present experimental results
from a study of the interaction between the components in
the Dy-Cr-Ge system at 1073 K.

I. Experimental methods

To construct the phase equilibrium diagram of the Dy-
Cr-Ge system polycrystalline samples were synthesized
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by a direct arc-melting of the constituent components
(metals were used in the form of ingots, with purity of
dysprosium 99.9 wt.%; chromium, purity of 99.99 wt.%;
and germanium, purity of 99.999 wt.%) under protected
argon atmosphere (high purity Ti-gettered) on a water-
cooled copper bottom. The alloys were re-melted twice to
provide better homogenization. The weight loss of the
samples during the synthesis was less than 1 % of the
initial total mass. Heat treatment of the produced alloys
was performed in vacuum quartz ampoules at a
temperature of 1073 K for 700 h. Then, the alloys were
quenched in cold water without breaking the ampoules.
The annealed samples were examined by X-ray
diffractometry (DRON-4.0  diffractometer, FeKa
radiation) to determine the phase composition. The
observed diffraction intensities were compared with
reference powder patterns of the binary phases, known
ternary germanides, and pure elements (program
PowderCell [13]). To control the chemical composition of
the synthesized samples, determine the exact content of
components in the phases, and confirm the phase
composition, the method of energy-dispersive X-ray
spectroscopy (EDRS) (electron microscope TESKAN
VEGA 3 LMU, equipped by an X-ray analyzer with
energy dispersive spectroscopy) was used. At least five
measurements were taken to obtain the average value for
each phase in each sample. For the crystal structure
refinement, the diffraction data were collected at room
temperature using STOE STADI P diffractometer
(graphite monochromator, Cu Ka; radiation). Rietveld
refinement of the crystal structure was performed using
the FullProf Suite program package [14].

The DFT calculations were performed using Vienna
Ab initio Simulation Package VASP v.5.4.4 with PAW-
type potentials [15]. The Perdew-Burke-Enzerhoff (PBE)
exchange-correlation functional in the generalized
gradient approximation (GGA) [16] with an 11x11x11
Monkhorst-Pack k-point set [17] was used in both cases.
The semi-core 4f-electrons of Dy atoms were treated as
core states. Optimized crystal structures were used for the
final total energy calculations. Complete geometry
relaxation (atomic positions and lattice parameters) was
achieved by minimizing forces, stress tensor components,
and total energies. The Bader charge density analysis was
performed using the Bader v1.05 code [18].

II. Experimental results

2.1. Isothermal section of the Dy-Cr-Ge system

The data concerning the binary boundary Dy—Ge, Cr—
Ge, and Dy-Cr systems were taken from the reported
phase diagrams [19, 20]. No binary phases are formed in
the Dy—Cr system. In the Cr—Ge system, four binary
phases were confirmed at the temperature of annealing:
Cri1Gero (Mny;Sijo-type), CrGe (FeSi-type), CriiGes
(Cr11Ges-type), and Cr3Ge (CrsSi-type). The CrsGes
binary with WsSij; structure type was not identified at the
investigation temperature. According to the performed
phase analysis, the sample at the corresponding
composition contains two binary phases, CriGe and
Cr11Ges, in equilibrium. As reported in the literature
CrsGes binary is stable at higher temperature, formed by
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peritectic reaction at 1535 K and decomposes under the
eutectoid reaction at 1269 K. Nine binary compounds
were confirmed in the Dy-Ge system at 1073 K: DyGe;
(DyGes-type), DyGei.ss (DyGe: ss-type), DysGes (Y3Ges-
type), DyGe: s (AlB>-type), Dy3Ges (ErsGes-type), DyGe
(TlJ-type), DyUGem (H011Ge1o-typ6), DysGe4 (Sm5G64-
type), and DysGes (MnsSiz-type).

To study the phase equilibria of the Dy—Cr—Ge ternary
system, produced alloys were examined by X-ray
diffractometry and energy dispersive X-ray spectroscopy.
Based on the performed analysis, the isothermal section of
the Dy—Cr—Ge system at 1073 K was constructed over the
whole concentration range (Fig. 1). The Phase
composition of individual alloys is presented in Table 1.
Electron micrographs of some samples are shown in
Fig. 2.

. Dy;1,Crs,Ge,pn
. DyCr,Ge,
. DyCr, Ge,

Cr ’ Dy
Fig. 1. Isothermal section of the Dy—Cr—Ge system at
1073 K.

At a temperature of 1073 K in the Dy—Cr—Ge system,
the formation of two ternary compounds, DyCrsGes and
DyCr..Ge,, was confirmed, and the formation of a new
compound, Dy17Crs»Ge) 12, was identified. Analysis of the
powder pattern of the sample with corresponding
composition and the calculated lattice parameter
(a = 2.8723(8) nm) indicated that the compound belongs
to the Tby17Fes2Ger 12 (space group Fm—3m) structure type.
Crystallographic characteristics of the ternary compounds
from the Dy-Cr-Ge system are given in Table 2.

The solubility of Dy, Cr, and Ge in the binary
compounds, except for DysGes, may be considered
negligible (~1-2.5 at. %). The solubility of Cr in the
DysGe; binary germanide extends up to 4 at. %
(a 0.8416(2), ¢ 0.6261(5) nm for DysGes;
a=0.8432(2), ¢ =0.6288(2) nm for Dys3;CrsGes; sample).

According to the data of the X-ray phase analysis, the
DyCr;+Ge, compound (CeNiSi,-type) is characterized by
a small homogeneity range (x=0.7-0.72), which also
includes the DyCro3Ge, composition reported in Ref. [6].
The crystal structure was calculated for the sample
Dy31CroGeso (Fig. 3). Experimental details and refined
atomic parameters are given in Tables 3, 4.

A detailed crystal structure study of the DyCrsGes
compound was reported in our recent manuscript [7]. It
was found that the DyCrsGes germanide crystallizes in the
SmMneSns structure type, a disordered variant of the
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Table 1.

Phase composition and EPMA data for individual samples of the Dy—Cr—Ge system

Composition, at. %

Phase

Structure type

Lattice parameters, nm

EPMA data, at. %

a b c Dy Cr Ge
Dy CraG DysGes MnsSis 0.8424(3) 0.6273(4)
y3otrsoaezo DysGes SmsGes 0.7586(3) | 1.4563(5) | 0.7676(4)
(Cr) (W) 0.2892(3)
DysoCrixGens DysGes MnsSis 0.8431(3) 0.6291(3) | 62.51 3.78 33.71
Dyss.57Cr11.10Ge3033 (Dy) Mg 0.3592(3) 0.5654(3) 100.0
’ ’ ’ (Cr) \Y traces 100.0
Dy:Ges GdsGes 0.4057(2) | 1.0637(4) | 1.4197(4)
Dy1sCrssGeso Cr:Ge Cr:Si 0.4627(3)
Dy117Crs2Geri2 | TbizFesaGena | 2.8724(6)
Dy40Cr25Gess DysGes SmsGes 0.7588(3) | 1.4543(4) | 0.7678(4) | 54.31 1.44 44.25
Dy42.43Cr33.53Gess.04 | Dy117CrsaGeirz | ThiirFesaGeiz | 2.8724(7) 42.76 18.16 | 39.08
(Cr) (W) 0.2893(4) 100.0
Dy10CrsoGedo DyCreGes SmMneSne 0,5162(2) 0,8274(4) 7.99 46.55 45.46
Dy10.18Crs3.36Ge36.46 DyCri.Gez CeNiSiz 0.4139(3) | 1.5900(7) | 0.4001(1) | 30.37 10.07 59.56
Cr3Ge Cr3Si 0.4625(3) 0.29 77.86 21.85
Dy15Cra0Gess DyCr:Gez CeNiSiz 0.4139(3) 1.5893(6) | 0.4001(2) | 30.22 9.67 60.11
Dy 15.47Cr39.66Ge44.87 Cr3Ge Cr3Si 0.4626(3) 2.09 72.84 | 25.07
Dy3Ges Gd3Ges 0.4055(3) | 1.0638(4) | 1.4197(5) | 42.61 | 0.08 | 5731
DyasCri0Geass DyGe TII 0.4251(3) | 1.0625(6) | 0.3926(4) | 51.44 0.15 48.41
Dyas.13Cr11.21Ge43.66 DynGeio HonGeio 1.0869(4) 1.6351(5) | 55.75 0.91 43.34
Dy117Crs2Gerniz | TbisFes2Gerz | 2,8723(3) 4199 | 21.18 | 36.82
Dy7CrasGes7 DyCreGes SmMneSns | 0.5164(2) 0.82772) | 8.27 | 46.08 | 45.65
Dy7.23Crss.53Ges7.24 CrGe FeSi 0.4796(3) 50.42 | 49.58
DuaCrinGe Dy3Ges Gd3Ges 0.4056(2) | 1.0638(4) | 1.4197(4) | 4222 | 0.07 | 57.71
D Y‘“’C 10 G5° Cr3Ge Cr3Si 0.4628(3) 232 | 72.81 | 24.87
YAOATILANCRE [Ty CraGern | ThiFesaGena | 2.8722(4) 4122 | 2136 | 37.42
Dy10CrioGeso DyCreGes SmMneSne 0.5164(3) 0.8276(4) 8.26 46.16 | 45.58
Dyo.19Cr4.76Gess.05 DyCri.Gez CeNiSiz 0.4136(2) | 1.5890(6) | 0.4001(1) | 30,43 9,40 60,17
’ ’ ’ (Ge) C 0.5646(3) 0.45 0.43 99.12
DyssCriGess DyCr:Gez CeNiSiz 0.4138(3) 1.5887(6) | 0.4001(3) | 32.07 9.01 59.92
Dyso.11Cro 63Gesa 26 DysGes Gds;Geq 0.4054(3) 1.0638(5) 1.4196(4) | 43.05 0.56 56.39
) ) ) Cr3Ge Cr3Si 0.4625(4) 1.98 73.06 24.96
DyCri.Ges CeNiSiz 0.4133(3) | 1.5889(6) | 0.4001(2)
Dy33CrsGeso Dy;Ges Gd3Ges 0.4057(2) | 1.0639(5) | 1.4195(4)
DyGe. AlB, 0.3907(4) 0.4109(4)
Dy20CrisGess DyCreGes SmMneSne 0.5163(2) 0.8275(4) 8.52 46.10 | 45.38
DyisnCrioGosss | —DyCraGe: CeNiSiz 0.4138(4) | 1.5886(3) | 0.3999(4) | 3045 | 9.75 | 59.80
) ) ) (Ge) C 0.5648(3) 0.33 99.67

DY117cr52/G\e112

Dy}§e4

Cr
aN

d

(S

Fig. 2. SEM-images of the alloys: a) Dy10CrsoGeso; b) Dy20Cri5Gess; ¢) DyssCr;Gess; d) DyaoCrasGess; €)
Dy15CrasGeaso; ) Dy10CraoGeso.
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Table 2.
Crystallographic characteristics of the ternary compounds from the Dy—Cr—Ge system
Compound Space Structure type Lattice parameters, nm
group a b c

DyCrsGes P6/mmm SmMneSne 0.51642(1) 0.82767(2)

- 0.41249(5)- 1.5828(2)- 0.40048(5)-
DyCri.Ge, Cmem CeNiSiy 0.4140(3) 1.5890(7) 0.4001(2)

Dyl17Cr52Ge112 Fm-3m Tbii7Fes2Geiin 2.8723(8)
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Fig. 3. Experimental (circles), calculated (line) and
difference (bottom line) X-ray patterns of the alloy
Dy31CroGeso.

MgFesGes-type. The experimental study that was
performed was also confirmed by DFT modeling. These
data agree with previous investigations of the isotypic
RCrsGes compound (R = Ho, Er, Y) studied by neutron
diffraction [9].

2.2. DFT modeling

The DFT modeling was performed for the
hypothetical DyCr,Ge; solid solution (0 < x < 1), which
includes the experimentally observed ternary DyCrg23Ges
compound. The symmetry of the crystal structure was
reduced to introduce intermediate compositions
(x=0.25, 0.5, and 0.75). After geometry optimization, the
corresponding enthalpies of mixing and formation were
calculated, revealing that the formation of the continuous
DyCr,Ge; solid solution (0 < x < 1) is energetically
unfavorable (Fig. 4a). Despite the enthalpy of formation
becomes less negative with increasing Cr content, the
common tangent lines between DyGe, and DyCreGes (AHr
= -199 meV/atom [7]) reveal that the most stable
composition is ~DyCro 4Ge, with a narrow (0.4 <x < 0.45)
homogeneity region and two-phase regions towards the
DyGe; and DyCr¢Ges compounds.

The distribution of the density of electronic states of
DyCro25Ge: (Fig. 4b) predicts its metallic behavior with
the valence band formed predominantly by the s- and p-
states of Ge and d-states of Cr. The Dy atoms contribute
mainly to the density of states above the Fermi level (Er).

Table 3.
Experimental details and crystallographic data for DyCro.23Ge, compound
Alloy composition Dy31CroGeso
Refined composition DyCro.s(5Gen
Structure type CeNiSi,
Pearson symbol 0516
Space group, Z Cmcem; 4
Unit cell parameters:
a, nm 0.41249(7)
b, nm 1.58287(2)
¢, nm 0.40048(5)
Cell volume V, nm? 0.2615(1)
Calculated density Dy, g/cm® 8.181
Diffractometer STOE STADI P
Radiation, wavelength A (nm) Cu K,, 1.54056
Angular range / increment (°20) 5.000<20<120.185/0.015
Reliability factors Rpragg, Rt 0.0439, 0.0551
Table 4.
Atomic coordinates and isotropic displacement parameters for DyCro.23Ge»

Atom IICT x y z Occupancy Biso, A?
Dy 4c 0 0.1036(2) 1/4 1 0.14(9)
Cr 4c 0 0.3048(9) 1/4 0.28(5) 1.52(1)

Gel 4c 0 0.0506(7) 1/4 1 1.19(3)
Ge2 4c 0 0.7514(6) 1/4 1 1.793)
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Fig. 4. Calculated energy of formation (AGy) of the hypothetical solid solution DyCr,Ge; (a) and the distribution of
the density of electronic states (DOS) (b) of DyCrg25Ges.

The calculated elastic properties of the DyCr.Ge;
solid solution showed that the crystal structure of
DyCrGe; is mechanically unstable. With the increasing Cr
content, the bulk (B), Yung's (F), and shear (G) moduli
change from 73.3, 106.2, and 42.2 GPa to 84.7, 64.0, and
23.3 GPa, respectively. Meanwhile, the Poisson's ratio
increases from 0.259 (x =0) to 0.374 (x = 0.75). Increasing
Cr content leads to the almost linear rise of Pugh's B/G
ratio from 1.738 to 3.638, indicating stronger ductile
behavior and lower hardness. The corresponding Debye
temperature decreases from 273.7 K (x = 0) to 2152 K
(x=0.75).

Conclusions

An experimental study of the interaction of the
components in the ternary system Dy—Cr—Ge in the whole
concentration range at a temperature of 1073 K has
confirmed the existence of ternary germanides DyCrsGes
and DyCr;..Ge, and the formation of a new ternary
compound Dy17Crs2Gei12 with a cubic structure of the
Tbi17Fes2Gei12 type was established. Structural studies of
the DyCrsGes compound proved that it belongs to the
SmMnSns structure type, a partially disordered variant of
the MgFesGes-type. It was established that the DyCrsGes
and Dy17Crs2Ger12 compounds are characterized by a
point composition, germanide DyCr;..Ge, with CeNiSi,
structure type is characterized by a small homogeneity
range, which is limited by the compositions DyCrg23Ge:
and DyCrg30Ge,. Solubility of Cr in the DysGes binary
(MnsSi3 structure type) extends up to 4 at. % of Cr. The
calculated distribution of the density of electronic states of

DyCro.25Ge; predicts its metallic behavior with the valence
band formed predominantly by the s- and p-states of Ge
and d-states of Cr. The thermodynamic modeling showed
that the formation of the continuous DyCr.Ge, solid
solution

(0<x<1) is energetically unfavorable, which is
confirmed by the calculated elastic properties, and that the
most stable composition is ~DyCro4Ge, with a narrow
(0.4 <x<0.45) homogeneity region and two-phase
regions towards the DyGe, and DyCrsGes compounds.
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I3oTepmiunuii nepepis giarpamu crany cucremu Dy—Cr—Ge npu 1073 K

! Tvsiscoxuti nayionanvuuii yuisepcumem imeni leana @panxa, Jlveis, Yrpaina,
lyubov.romaka@gmail.com
2Texniunuii Yuieepcumem m. Jlpesden, kagedpa neopzaniunoi ximii II, Jlpesden, Himeuuuna,
vitaliy.romaka(@tu-dresden.de
3Inemumym docnioxcenns meepoozo mina im. Jleiioniya, JJpesoen, Himeuuuna

Metonamu peHTreHO(a30BOTr0, PEHTIEHOCTPYKTYPHOTO 1 PEHTTEHOCIEKTPAIBHOIO aHAII3IB JOCHTIIKEHO
B32€MOJIII0 KOMITIOHEHTIB Ta MOOY0BaHO 130TepMiuHHi mepepi3 aiarpamu crany notpiiHoi cuctemu Dy—Cr—Ge
npu 1073 K y moBHOMY KoHIeHTpaniitHoMy iHTepBani. ¥ cucremi Dy—Cr—Ge 3a TemmepaTypH BifnaatoBaHHS
YTBOPIOIOTECS TpH TepHapHi cnonyku: Dy117Crs2Geinz (crpykryprnit Tn Tbi7Fes2Geii2, mpoctopoBa rpyma  Fm-
3m, a = 2,8723(8) um), DyCreGes (cTpykTypHHIt THII SmMneSne, mpocTopoBa rpyna P6/mmm, a = 0,51642(1),
¢=0,82767(2) am), DyCri.Ge: (ctpykrypuuii Tun CeNiSiz, mpoctoposa rpyna Cmcem, a = 0,41249(5)-0,4140(3),
b = 1,5828(2)-1,5890(7), ¢ = 0,40048(5)-0,4001(2) mm). Cmonyka DyCri.xGe: XapakTepu3yeTbcs 00IaCTIO
TOMOTEHHOCTI, sika oOMexeHa ckinagamu DyCrozsGez i DyCrosoGez. IToMITHOIO pPO3UMHHICTIO TpPETHOTO
KOMIIOHEHTa Xapaktepusyerbes repmanig DysGes (cTpykrypHuit Tunn MnsSi3), sikuii po3uussie 1o 4 at. % xpomy.
DFT po3paxyHKH BUKOHAHO JUIS OLIIHKH €IACTHYHUX 1 eNeKTpUYHUX BiIacTuBocteil cnonyku DyCriGe:.

KurouoBi ciioBa: [ntepmerarin; peHTreHiBecbka Audpakiis, ha3oBi piBHOBAry, KpUCTaliyHa CTPYKTypa.
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