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The phase equilibrium diagram of the Tm-Cr—Ge ternary system was constructed at a temperature 1070 K
based on the results of X-ray phase, microstructural analyzes and energy-dispersive X-ray spectroscopy in the
whole concentration range. At the temperature of investigation, two new ternary compounds are realized in the
system: TmCrsGes (SmMneSns structure type, space group P6/mmm, a=0.51506(1), ¢=0.82645(2) nm) and
TmyCrsGe7 (ZrsCosGey structure type, space group 14/mmm, a=1.39005(9), ¢=0.54441(1) nm). Inclusion of Cr
atoms in the structure of the binary germanide TmGe: (structure type ZrSi2) up to 10 at. % Cr leads to the formation

of a solid solution TmCr,Ge: (x = 0-0.33).
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Introduction

The study of multicomponent metallic systems is a
prerequisite for finding and creating new functional
materials with important properties for practical
application. Experimental studies of the interaction
between the components in metallic systems provide
important information about the conditions of formation,
temperature stability, composition and crystal structure of
intermetallic phases, which serve as the basis for the
search of new materials. R-M-Ge ternary systems (R —rare
earth element, M — transition metal) are characterized by
a significant number of ternary compounds and structure
types in which they crystallize [1]. Among R-M-Ge
systems ternary systems with rare earths, germanium and
chromium are not studied enough, phase equilibrium
diagrams are constructed only for Y, Nd, Gd and Er [2-5].
According to the literature data, R-Cr-Ge systems are
characterized by a small number of compounds, among
which the most studied are series of RCrGes, RCrsGes and
RCrxGe, compounds.

The study of the physical properties of individual
series of compounds of R-Cr-Ge systems, in particular
RCrGes (R = La-Nd, Sm) with perovskite structure,
showed that these germanides are ferromagnetically
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ordered with rather high Curie temperatures (from 60 to
155 K) [6]. R117Crs2Gei112 compounds (R = Nd, Sm, Gd)
with a giant unit cell (structure type TbiizFesoGeraz,
a~2.9nm) are promising thermomagnetic materials
because the complexity of the crystal structure provides
low thermal conductivity [3, 7]. Analysis of the literature
data shows that ternary compounds RCrsGes (R =,
Tb—Er) are formed with rare-earth metals of the yttrium
subgroup [8, 9], and belong to the HfFesGes (or
MgFesGes) structure type. According to the measurements
of the magnetic properties the presence of magnetic
ordering at low temperatures has been established for
RCrsGes germanides (R = Th, Dy, Er) [8, 10]. It was
shown that sublattices of rare earth elements and
chromium are characterized by different directions of the
magnetic moments of atoms.

There is no information in the literature on the study
of the Tm-Cr-Ge system and ternary germanides with
thulium and chromium. Taking into account the lack of
results regarding the phase equilibrium diagram and the
formation of ternary compounds, this paper presents
experimental results of study the interaction between the
components in the Tm-Cr-Ge system at 1070 K.
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I. Experimental methods

To study the interaction of thulium with chromium
and germanium alloys were synthesized by a direct
twofold arc-melting of the constituent elements (metals
were used in the form of ingots, with purity of thulium
99.9 wt.%; chromium, purity of 99.99 wt.%; and
germanium, purity of 99.999 wt.%) under high purity Ti-
gettered argon atmosphere on a water-cooled copper
bottom. For better homogenization the samples were re-
melted twice. The weight loss during the preparation of
the samples was less than 1 % of the total mass, which was
1 g for each sample. For heat treatment, the alloys were
placed in vacuum quartz ampoules and annealed at 1070
K for 700 h, followed by quenching in cold water without
breaking the ampoules. X-ray phase analysis of the
samples was carried out using the powder patterns
obtained at room temperature on DRON-4.0 (FeKa
radiation) diffractometer. The observed diffraction
intensities were compared with reference powder patterns
of binary phases, known ternary germanides and pure
elements (programme PowderCell [11]). To control the
chemical composition of the synthesized samples,
determine the exact content of components in the phases
and confirm the results of X-ray phase analysis we used
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). At least five measurements were taken to
obtain the average value for each phase in each sample.

Calculations and indexing of powder diffraction
patterns were performed using the WinCSD software
package [12] (determination of the unit cell parameters).
For the crystal structure refinements the diffraction data
were collected at room temperature using STOE STADI P
diffractometer (graphite monochromator, Cu Km
radiation). The coordinates of atoms, occupancy of the
crystallographic  sites, and isotropic displacement
parameters were refined with the FullProf Suite software
package [13].

Il. Experimental results

Information on the phase diagrams of Tm-Cr, Tm-Ge
and Cr-Ge binary systems which delimit the Tm-Cr-Ge
system was used from handbooks [14, 15]. The phase
diagram of the Tm-Cr system belongs to the monotectic
type, binary compounds are absent in the system. In the
Cr-Ge system, five binary compounds are formed by
peritectic transformations: CrsGe (CrsSi-type), CrsGes
(WsSis-type for hight-temperature modification), Cri1Geg
(Cr11Geg-type), CrGe (FeSi-type), and Cri1Geg
(Mn11Sipg-type). CrsGe compound is characterised by
homogeneity region. For CrsGes germanide polymorphic
transformation is observed at a temperature of 1275 K.
There is no information in the literature about the crystal
structure of low-temperature modification of CrsGes
binary. In our study, the compound with CrsGes
stoichiometry was not identified at the temperature of
investigation. X-ray phase analysis of the sample with
corresponding  composition showed two binary
compounds CrsGe and Cr11Geg in equilibrium.

According to reported phase diagram [14] in the Tm-
Ge system at 1070 K binary compounds TmsGez (MnsSis-
type), TmsGes (SmsGes-type), Tmi1Gelg (Ho11Gero-type),
TmGe (TH- type), TmsGes (ErsGes-type), TmyGes
(TmyGes-type), TmGeig (TmGeio-type), and TmGe;
(ZrSip- type) exist. Information about the compound
TmCr; (DyGes-type), which is obtained at high
temperature and pressure, and germanide Tm,Ges
(ErGrs-type), synthesized by induction melting was
reported in [16, 17]. Under used in our work conditions
the compound TmGe1 o was not identified, the TmsGes
compound belongs to the GdsGes structure type [18].
Crystallographic characteristics of the binary compounds
which are realised at the temperature of our study in the
Tm-Ge and Cr-Ge systems are listed in Table 1.

The phase equilibrium diagram of the Tm-Cr-Ge
system is constructed at 1070 K based on the X-ray phase,
microstructural analyses and energy-dispersive X-ray
spectroscopy of the prepared samples (Fig. 1). Phase
compositions of the selected alloys of the Tm—Cr-Ge
system are given in Table 2.

Table 1
Crystallographic characteristics of the binary compounds of Tm-Ge and Cr-Ge systems.
Lattice parameters, nm
Compound | Space group Structure type a b o Ref.
TmGe; Cmem ZrSip 0.4004(2) 1.5708(6) 0.3907(1) This work
Tm,Ges C12/c1 Tm,Ge; 0.90577 0.66386 0.77596 [19]
£=115.678

Tm;Gey Cmcm GdsGes 0.3987(3) 1.0495(5) 1.4069(5) This work
TmGe Cmcm TV 0.4189(3) 1.0492(6) 0.3875(5) This work
TmuGero 14/mmm Hol11Gel0 1.0554(5) 1.5899(6) This work
TmsGe, Pnma SmsGey 0.7293(3) 1.4417(6) 0.7198(5) This work
TmsGe; P6s/mcm MnsSis 0.8337(3) 0.6231(3) This work
CrsGe Pm-3n CrsSi 0.4624(1) This work
Cr11Ges Pnma Cr11Ges 1.3171 0.4939 1.5775 [20]
CrGe P2:3 FeSi 0.47971(3) This work
CriGes P-4n2 Mny:Sise 0.5790 5.1870 [21]
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Microstructural and X-ray spectral analyzes were
used to confirm the chemical and phase composition of the
samples. Microphotographs of some alloys are presented
in Fig. 2.

Ge

According to the results of X-ray phase and EPM
analyzes at a temperature of 1070 K in the Tm-Cr-Ge
system the formation of two new ternary germanides
TmCrsGes and  TmsCrsGe;  was  established.

1. Tm,Cr,Ge, Crystallographic characteristics of the ternary compounds
2. TmCr,Ge, are given in Table 3.

Analysis of the diffraction pattern of the TmgCrasGess
sample showed the formation of the TmCrsGes compound,
which is isostructural to the previously studied germanides
RCrsGes (R=Y, Gd-Er) [8, 9]. The performed calculation

G, of the crystal structure of the TmCreGes compound
i indicated that it belongs to the SmMnsSns structure type
\| i Cero (space group P6/mmm), which is a disordered variant of
\ Tm,Ge, the HfFesGes structure type [22]. Atomic coordinates,
: isotropic displacement parameters of the atoms are
gathered in Table 4. In the model of the SmMnsSne
structure type for the TmCrsGes structure, as well as for
the studied by neutronography ThCrsGes [10], the partial
distribution of Tm atoms and Gel atoms in two
o crystallographic positions is observed:
Fig. 1. Isothermal section of the Tm—Cr-Ge system at ~ Tml(la, 0, 0, 0)/Tml1(1b, 0, 0, 1/2);
1070 K. Gel(2e, 0, 0, 0.3474(4))/Gel1(2e, 0, 0, 0.1386(2)). The
Table 2
Phase composition and EPMA data for individual samples of the Tm—Cr—Ge system.
Nominal Structure Lattice parameters, nm EPMA data, at. %
composition/EPMA Phase type a b c ™ cr Ge
data, at. %
TmssCri5Geso TmsGes MnsSis 0.8332(3) 0.6232(3) 62.88 | 1.16 | 35.96
TMs3.02Cri514Ge3184 | (Cr) W 0.2892(3) 100.0
Tm5Cr70Ge25 CrgGe Cr38i 04632(3)
TmuGew | HouGeyo 1.0556(5) 1.5922(4)
Tm45Crszego Tm5663 Mn58i3 08330(4) 06234(4) 62.77 37.23
TmsGes SmsGey 0.7293(3) | 1.4417(6) | 0.7198(5) | 56.14 43.86
(Cr) W 0.2888(3) 100.0
Tm1oCrssGess TmCrsGes SmMneSns | 0.5150(3) 0.8263(4) 7.21 46.45 | 46.34
Tmi1.12Crsa36Geass2 | CrsGe Cr3Si 0.4628(2) 2.74 72.65 | 24.61
TmyCrsGe; | Zr,CosGe; 1.3900(5) 0.5444(4) 25.67 | 26.84 | 47.49
Tm4ocrzoGe4o Tm11GE1o H011Ge10 1.0554(5) 15899(6) 51.72 1.09 47.19
TMyo.49Cri895Geaoss | TmsGey SmsGey 0.7489(5) | 1.444(7) | 0.7541(5) 55.66 44.34
CrsGe CrsSi 0.4632(3) 3.95 71.60 | 24.45
Tmi5CrasGeqo CrsGe Cr3Si 0.4628(3) 1.87 73.76 | 24.37
TmM12.01Cr4560G€41.49 TmCrsGeg SMMneSng 0.5151(2) 08264(3) 7.48 47.26 45.26
TmyCrsGe; | ZrsCosGe; 1.3901(4) 0.5445(3) 25,53 | 26.97 | 47.50
TmeCraoGeus TmCrsGes Sml\_/InGSne 0.5150(3) 0.8264(3) 7.62 46.54 | 45.84
T 6:Cr10.60GEas.a7 CrGe FeSi 0.4794(3) 48.93 | 51.07
) ‘ ' Cr;1Geg Cr;1Geg Not determined 56.89 | 43.11
TmysCrioGess Tmy1Geqg Ho.11Geyp 10555(5) 15903(6) 51.72 48.28
TMas60Cri091Geasss | TMGe TI 0.4191(3) | 1.0491(6) | 0.3874(4) | 48.69 51.31
CrsGe CrsSi 0.4630(4) 1.97 73.40 | 24.63
Tm2sCrasGeso TmCr.,Ge; | CeNiSip 0.4094(7) | 1.5600(7) | 0.3982(5) | 31.90 | 9.09 | 59.01
TMas.13Cras61Ge€a926 | TMCreGeg SmMneSns | 0.5150(2) 0.8265(2) | 7.82 4757 | 44.61
TmiCr.Ge; | ZrsCosGe; | 1.3899(4) 0.5444(4) | 26.34 | 27.03 | 46.63
Tm4oCrloGe50 ngGe4 GdgGE4 03979(4) 10492(6) 14054(6) 43.59 56.41
TMaes1Cri10sGeso1s | TmGe TN 0.4189(3) | 1.0492(6) | 0.3875(5) | 49.33 50.67
TmsCrsGe; | Zr,CosGe; | 1.3900(5) 0.5444(5) | 26.90 | 26.27 | 46.83
TmyCrasGess TmCrsGes SmMngSns | 0.5150(2) 0.8265(2) | 7.95 4484 | 47.21
Tmig87Cr2404Ges7.00 | TMCriGe, | CeNiSi, 0.4093(1) | 1.5598(2) | 0.3984(1) | 29.63 | 10.51 | 59.86
(Ge) © 0.5649(4) 1000
TmzocrzoGeso TmCreGes SmMnGSnG 05151(3) 08265(4) 7.53 45.36 47.11
TMig92Cr2103Geeo0s | TMCr,Ge, | CeNiSi, 0.4091(6) | 1.5600(6) | 0.3983(5) | 30.27 | 10.57 | 59.16
(Ge) (©) 0.5647(3) 100.0
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Crystallographic characteristics of the ternary compounds in the Tm—Cr—Ge system.

N | Compound Structure type | Space group Lattice parameters, nm

a c
1 Tm4Cr,Ge; Z1:Co,Ger I4/mmm 1.39005(9) 0.54441(1)
2 | TmCrsGes SmMneSns P6/mmm 0.51506(1) 0.82645(2)

TmC e
TmCr,Ge,

TmCr,Ge,

I'm,Cr,Ge,

TmGe

Tm,Ge,

I'm,,Ge,,

Lo e Gey

Cr,Ge I'm,Cr,Ge,

I'm,Ge,

Tm,Cr,Ge,

f

Fig. 2. Electron microphotographs of the Tm—Cr—Ge alloys: TmyoCrzsGess (a), TmioCrssGess (b), TmasCrioGess (C),
Tm4oCri0Gesg (d), TmooCraoGes (e), Tms7Cri0Gess (f)

experimental, calculated and difference X-ray diffraction
patterns for TmgCrsGess sample are shown in Fig. 3, a.

During the study of the system at 1070 K, the
formation of a new ternary compound with the
composition ~Tmg7Cr27Gess Was established. According
to EPMA data composition of the compound is
Tmye.45Cra7.22Ge4s 33. Analysis of the diffraction pattern of
the sample Tm,7Cr27Geass and the calculated lattice periods
(a =1.39005 (9), ¢ = 0.54441 (1) nm) indicated that the
compound belongs to the ZrsCosGey structure type (space
group I4/mmm). Sample TmyeCrssGess — contains
TmCrsGes, TmsCrsGe; compounds and CrsGe binary in
equilibrium (Fig. 2b).

According to the literature data [23] formation of the
ternary germanides RCryGe; with CeNiSi; structure type
was found for rare earth elements where R = Sm, Gd-Er.
In the case of the Tm-Cr-Ge system, the binary
germanide TmGe; crystallizes in the ZrSi,-type and, in the
ternary part inclusion of Cr atoms results in formation of
the TmCrxGe; solid solution up to Cr content ~10 at. %.
Solubility limit of Cr in the TmCr; binary was determined
by change of the lattice parameters (a=0.4004 (2) -
0.4095 (7) nm,

b =1.5708 (6) -1.5601 (1) nm,
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¢=0.3907 (1) -0.3983 (5) nm) and electron probe
microanalysis (Tmag6Cri019Ges985). An increase of the
unit cell volume with increasing of Cr content confirms
the formation of an inclusion-type solid solution (fromV =
0.2457 nm? for TmGe, to V = 0.2544 nm?® for the sample
TmsoCri0Gego). Structure calculations of the sample
TmsoCr10Gego (Fig. 3, b) showed that the inclusion of Cr
atoms in the tetragonal-prismatic voids of the structure
(crystallographic position 4c 0 y 1/4) of the binary
germanide TmGe, with ZrSix-type corresponds to the
CeNiSi, structure type (space group Cmcm, Tm 4c,
y=0.3948(5); Cr 4c, y=0.1683(1); Gel 4c, y=0.0467(1);
Ge2 4c, y=0.7598(7)). TmyoCrzsGess sample contains
main phase TmCrxGe, in equilibrium with TmCreGes
compound and Ge (Fig. 2a).

Analysis of the solubility of the third component in
the binary compounds of the Tm-Ge and Cr-Ge systems
showed that the binary germanide CrsGe (CrsSi structure
type) dissolves up to ~4 at. % Tm, which is confirmed by
the results of EPM analysis and changes of the lattice
parameter: a = 0.4624(1) nm for CrsGe, a = 0.4632(2) nm
for sample TmaiCr;1Geys. The solubility of the third
component in other binary compounds of the Cr-Ge
system and in most binary compounds of the Tm-Ge
system is less than 2 at. % under the conditions of our
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Fig. 3. The experimental (circles), calculated (line) and difference (bottom) X-ray diffraction patterns for
TmgCrasGess sSample (a) and for TmzoCrigGego sample (b)

Table 4
Atomic coordinates, isotropic displacement parameters Bis, (nm?) and site occupancies G in TmCreGes
structure.
Atom | Wyckoff xla y/b zlc Biso.-10% (nm?) G
position

Tml la 0 0 0.92(1) 0.929(4)
Tmll 1b 0 1/2 0.92(1) 0.053(3)

Cr Bi 12 0 0.2506(2) 0.74(5) 1

Gel 2e 0 0 0.3474(4) 0.58(6) 1.894(6)
Gell 2e 0 0 0.1386(2) 0.58(6) 0.071(4)

Ge2 2c 1/3 2/3 1/2 0.86(5) 1

Ge3 2d 1/3 2/3 0 0.52(7) 1

study. According to X-ray phase analysis, ternary alloys
in the Tm-TmsGes-Cr region of the Tm-Cr-Ge system
contain a binary compound TmsGes, Tm and Cr, which is
consistent with the state diagram of the Tm-Cr system
[15].

Analysis of the studied R—Cr—Ge systems (R =Nd, Y,
Gd, Er, Tm) and literature data on individual ternary
germanides of rare earths with chromium shows the
influence of rare earth metal on the number of the formed
ternary compounds and the type of their crystal structure.
For rare earth metals of the yttrium subgroup the
formation of the ternary germanides with stoichiometry
RCreGes, which crystallize in the HfFesGes and
SmMneSng structure types was observed. The isotypic
compound TmCrsGes was also found in the studied
Tm—Cr—Ge system. RCrGes germanides with BaNiOs-
type perovskite structure are realized only with rare earth
metals of the cerium subgroup. For R = Nd, Sm, Gd, the
existence of the R117Crs2Gei112 compounds (Thii7Fes,Gerin
structure type) with a giant unit cell (a~2.9 nm) was
established. According to the results of the currently
studied R—Cr—Ge systems, the formation of a new
compound Tm4CrsGey is observed only in the investigated
Tm-Cr—Ge system.

In contrast to the R—Cr—Ge systems (R =Y, Gd, Er),
which are characterized by the formation of ternary phases
RCr1xGe; crystallized in the CeNiSiz-type with defects in
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position of the transition metal, in the studied Tm-Cr-Ge
system a solid solution of insertion-type TmCrxGe; based
on the binary germanide TmGe; with ZrSi, structure type
is formed.

Conclusions

Phase equilibrium diagram of the Tm—Cr—Ge ternary
system is constructed at 1070 K. Based on the results of
an experimental study of the interaction between the
components in the Tm-Cr—Ge system at 1070 K, the
formation of two new ternary germanides TmCrsGeg and
TmsCrsGe; was established. Studies of the crystal
structure of the TmCrgGeg compound have indicated that
it belongs to the SmMnsSng structure type, which is a
partially disordered variant of the HfFesGes-type. On the
basis of the binary germanide TmGe, (ZrSi,-type) the
formation of an insertion-type solid solution TmCrxGe up
to the limit composition TmCrg 33Ge; was established.
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Interaction between the components in Tm-Cr-Ge system at 1070 K

JI. Pomakal, FO. Cranuuk!, B.B. Pomaka?, M. Konux!

B3aemonis komnoHeHTiB y cucremi Tm-Cr-Ge npu 1070 K

Ylvsiscoruii nayionanvnutl ynieepcumem im. I @panxa, eyn. Kupuna i Meghoois, 6,
JIveis, 79005, Vrpaina, lyubov.romaka@gmail.com,
2IHcmumym docnidocensn meepooco mina, I enomeonvy wmpace, 20, 01069 [pesoen, Hineuuuna

Hiarpamy ¢a3oBux piBHOBar motpiiiHoi cucremun Tm-Cr-Ge noOynosano mpu temmneparypi 1070 K 3a
pe3yipTaTaMH  pPEeHTreHO(a30BOro, MIKPOCTPYKTYPHOTO aHaN3IB Ta EHEProJHCIepCiiHOl PEeHTreHIBChKOT
CIIEKTPOCKOIIii B TOBHOMY KOHIICHTPAL[IHHOMY iHTEpBaJIi. 3a TeMIepaTypu JOCTIIKECHHS B CHCTEMi yTBOPIOIOTHCS
1Bi HOBi TepHapHi ciotykn TmCrsGes (cTpykTypHHii THIT SMMneSns, mpocToposa rpyma P6/mmm, a=0.51506(1),
¢=0.82645(2) um) i TmuCrsGer (crpykrypuuii tun ZrsCosGes, nmpocroposa rpyma l4/mmm, a=1.39005(9),
¢=0.54441(1) um). Brimrouenns atomis Cr B cTpykTypy GiHapHoro repmaniny TmGez (crpykrypHuit tum ZrSiz) mo
Bumicty 10 ar. % Cr mpuBOAMTH 10 YTBOPEHHs TBepaoro po3unny TmCrGez (x=0-0.33).

KorodoBi ciioBa: inTepmeraniny, motpiiiHa cucrema, pa3oBi piBHOBAard, KpUCTaIIYHA CTPYKTYpA.
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