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The interaction of the components in the Gd-Mn-Sn ternary system was studied using the methods of X-ray
and microstructure analyses, in the whole concentration range. The isothermal sections of the phase diagrams of
the Gd-Mn-Sn system were constructed at 873 and 673 K. At both temperatures of investigation the Gd-Mn-Sn
system is characterized by formation of two ternary compounds. GdMngSng (MgFesGes structure type, space
group P6/mmm) and Gd;Mn,Sn; (Zr,Co,Ge; structure type, space group l4/mmm). The formation of the
interstitial solid solution GdMn,Sn, based on GdSn, (ZrSi,-type) binary compound was observed up to 10 at. %
Mn a 873 K and 673 K. The existence of the substitutional solid solution based on GdMn, (MgCu,-type) was
observed upto 5 a.% Snand 3 a. % Sn at 873 K and 673 K, respectively.
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I ntr oduction

Intermetalics of rare earth metals (R) cause the
special attention of the scientists as a basis for searching
and creation of new perspective magnetic materials.
Partially, widely studied the magnetic properties of
compounds contained magnetic rare earths and magnetic
d-dements (iron, cobalt, nickd). The basic step for
searching of new materialsis investigation of component
interaction in metallic systems which give the possibility
to determine the temperature and concentration range of
existence of intermediate phases, influence of some
factors on their stability, as important characteristics for
next study of physical properties. During investigation of
the ternary stannides with rare earths and manganese
(R=Y, Pr, Nd, Sm, Gd-Lu) the existence of the ternary
compounds with stoichiometry 1:6:6 was found and it
was established that they crystallize with MgFesGes,
HoFe;Sng, and SmMngSns structure types [1-7]. Among
RMngSns stannides the SmMngSns compound is
characterized by three structural modifications with
MgFesGes, Y CosGes and SmMngSne (disordered variant

of HfFe;Gestype) dStructure types depending on
temperature of anneding. Magnetic  property
measurements of RMngSng compounds indicated

considerable influence of manganese atoms on magnetic
behavior of these compounds which order ferro- or
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ferrimagnetically with temperature of magnetic ordering
higher that room temperature (including the compounds
with nonmagnetic rare earth metals Y, Lu) [3-6, §]. In the
most R-Mn-Sn systems also the ternary compounds with
Zr4Co,Ge; gructure type were found [9]. It worth to note
that except the compounds with Zr,Co,Ge; and
MgFesGe;s structure types for stannides with manganese,
Tm and Lu the formation of compounds with Hf;Cr,Si,-
type was found [10], and MgsSis-typeis realized only for
Y byMn,Sns stannide [11].

Taking into account the low melting temperature of
tin (505.05 K), the most of the studied R-M-Sh ternary
systems (M — d-element) were investigated a 670 K
[12]. The higher temperature of annealing used during
investigation of some R-{CuAg}-Sn and R-Ni-Sh
systems indicated an influence of temperature factor on
stahility of ternary compounds with high Snh content [13,
15]. With the aim to study an influence of anneding
temperature on interaction of the components, formation
of solid solutions and stability of intermediate phases we
studied the Gd-Mn-Sn system at 873 and 673 K.
Experimenta results of this investigation are given in the
presented work.
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|. Experimantal

To study the phase equilibria in the Gd-Mn-Sn
system 31 ternary and 13 binary samples were prepared
by arc melting of the constituent el ements (content of the
basic component not lower than 99.9 wt. %). The
homogenizing annealing of separate particles of the
synthesized alloys was performed in the evacuated up to
0.1 Pa quartz tubes for 720 hours at temperatures 873 K
and 673 K with subsequently quenching in ice water. X-
ray phase analysis of the samples was carried out using
the powder patterns obtained on DRON-2.0 (FeKa
radiation) diffractometer. The observed diffraction
intensities were compared with reference powder
patterns of binary, known ternary phases and pure
elements. The chemical and phase compositions of the
obtained samples were examined by Scanning Electron
Microscopy (SEM) using REMMA-102-02 scanning
electron microscope. The data for the crystal structure
refinements were collected at room temperature using
STOE STADI P diffractometer (graphite
monochromator, CuK,; radiation, 20-100° 26 range
with scanning step 0.02°). Caculations of the
crystall ographic parameters and theoretical patterns were
performed using the WinPLOTR [16] program packages.

1. Results and discussion

For construction of the phase diagrams of Gd-Mn-Sn
ternary system at 873 K and 673 K we prepared and
anayzed 31 ternary and 13 binary alloys. After annealing
al synthesized samples were examined by X-ray phase
and microstructure analyses. The isothermal sections of
the Gd-Mn-Sn system at 873 K and 673 K are presented

in Figs. 1,2, respectively. In the Mn-Sn and Gd-Mn
binary systems the presence of the all binary compounds
corresponding to the reference data [17-20] was
confirmed at both temperature of investigation. At 873 K
only two compounds — Mn;Sn, Mn,Sn, were formed in
Mn-Sn system that corresponds to the reported phase
diagram according to which MnSn, binary exists up to
~820 K. According to EDX data the homogeneity range
of Mn,Sh compound is limited by Mng;gSns211 and
Mngzg793673  compositions.  GdMn,  binary  at
stoichiometric  composition crystallizes in MgCu,
structure type. To check the formation of GdMn;, binary
with MgZn,-type [21] in course of our investigation two
aloys with Gds3;Mng; and Gd,Mng, compositions were
prepared and annealed at 673 and 873 K. Performed
phase anadysis of the Gds;Mng; and GdyMngy samples
indicated the presence of the main cubic phase GdMn,
with MgCu,-type and Gd. In the Gd-Sn binary system at
both temperatures of annealing the existence of binaries
GdsSnz (MnsSis-type), GdsSny (SmsGey-type), Gdi1Snio
(HonGeyo-type), GdSn, (ZrSix-type), GdsSn; (GdsSnr-
type) and GdSnz was confirmed. GdSn; binary is
characterized by polymorphic transformation at ~ 665 K,
thus at 873 K belongs to CusAu Sructure type [19], and
at 673 K is characterized by orthorhombic structure of
GdSn, 75-type [20].

A formation of intergtitial solid solutions based on
the RSn, (R- rare earths of Yttrium group) series of
binary compounds with ZrS, gructure was studied and
reported in Ref. [22]. During investigation of Gd-Mn-Sn
system the existence of interditia solid solution
GdMn,Sn, based on the GdSn, binary (ZrSi,-type) was
observed. The solubility of Mn atoms was found to be up
to 10 at. % (GdMnyzSny) at both temperatures 873 K
and 673 K. The lattice parameters change from
a = 0.4431(2), b = 1.6408(8), ¢ = 0.4325(4) nm (for

1. GAMn,Sn,
2. Gd,Mn,Sn,

Mn GdMn, GdMn,

GdMn,

Gd

Fig. 1. Isothermal section of Gd-Mn-Sn system at 873 K.
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2. Gd,Mn,Sn,

Mn GdMn, GdMn, GdMn,

Gd

Fig. 2. Isothermal section of Gd-Mn-Sn system at 673 K.

Table 1
Crystall ographic characterigtics of the ternary compounds in Gd-Mn-Sn system
Compound Structure Space group Lattice parameters, nm
type a b c
GdMngSng MgFe;Ges P6/mmm 0.55304(9) - 0.9014(2)
Gd;Mn,Sny Zr,Co,Ge; [4/mmm 1.5246(8) - 0.5892(5)

Fig. 3. Electron micrographs and phase compositions of the alloys at 873 K: a) Gd,sMnysSngs (light phase —
GdMn,Sny, grey phase — Gd,Mn,Sn;, dark phase — GdMngSng), b) GdxxMny9Sns; (light phase — GdMn, Sn,
(Gd30.45MNg 40SN60.15), grey phase — Gd,Mn,Sy).

Gdsn, compound) to a = 0.4446(7), b = 1.6461(8),
¢ = 0.4368(5) nm (for GdspMnypSng sample). Limited
composition of the solid solution was confirmed by
results of EDX analysis (Gdsg4sMnNg 406015, Fig. 3,b).
Phase analysis of samples in the ternary part of Gd-Mn-
Sn system close to the Gd-Mn binary system indicated
the formation of the substitutional solid solution based on
GdMn, binary compound (MgCu, structure type) up to
3at. % Snat 673 K and up to 5 at. % Sn at 873 K
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(a = 0.77515(6) — 0.77638(7) nm). Significant solubility
of the third component in other binary compounds of
Mn-Snh, Gd-Mn i Gd-Sn system was not observed under
used conditions.

According to phase and microstructure analyses in
the Gd-Mn-Sn system at both temperatures 873 K and
673 K the presence of two ternary compounds GdMngSng
and GdsMn,Sn; was confirmed. Both GdMngSng and
Gd,Mn,Sn;  stannides are  characterized by narrow
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Fig. 4. Electron micrographs and phase compositions of the alloys at 673 K: a) Gds,MnsSn;, (light phase —
GdsSng, grey phase — GdMn,.,.Sn, (up to 3 at. % Sn)), b) Gd;pMns,Sngg (light phase — Gd,Mn,Sny, grey phase —
GdMngSng, dark phase —-MnzSn), ¢) GdigMnzeSny, (light phase — GdsMn,Sny, grey phase — GdMnegSng, dark phase —

Mn38n).
Table2
Atomic coordinates and isotropic displacement parameters for GdMngSns compound
Wyckoff . 2
Atom position x/a yib Zc Bie,.' 107 (Nm?)

Gd la 0 0 0 1.55(1)
Mn 6i 12 0 0.2481(5) 0.34(10)
Snl 2e 0 0 0.3370(4) 0.78(8)
Sn2 2c 13 2/3 0 0.40(9)
Sn3 2d 13 2/3 12 0.40(10)
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Fig. 5. The observed, calculated and difference X-ray patterns of GAMngSng compound.
homogeneity ranges at investigated temperatures. diffraction method. Performed structure refinement

Crystallographic characterigtics of ternary compounds
are given in Table 1. The SEM pictures and phase
compositions of some alloys are shown in Figs. 3, 4.

The existence of the GdMngSns compound with
MgFesGes structure type and its lattice parameters were
reported earlier [23]. During present work, the crystal
structure of this stannide was refined by X-ray powder
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confirmed that GdMngSng belongs to MgFe;Ges structure
type (space group P6/mmm, a=0.55369(2) nm,
¢ =0.90270(4) nm, R,=0.0378, Ru,=0.0484, Rgrg=
0.0455). Refined atomic parameters are listed in Table 2.
The observed, calculated and difference X-ray patterns of
the GdMngSng compound are shown in Fig. 5.

Comparing the investigated in our work Gd-Mn-Sn
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Mn GdMn,Sn,

Fig. 6. Stacking of polyhydrain the structures GdMngSns and CaCus (top), Gd,Mn,Sn; and Hoy;, Geyg (bottom).

system with studied earlier {Y, Ce, Dy}-Mn-Sh and
known in the literature ternary compounds [12] we may
note that the R-Mn-Sh ternary systems contan a
relatively small number of ternary phases. Series of
stannides with CeNiSi, and Gd;Cu,Ge; structure types
are formed only in the systems with rare earths of
Cerium group. R-Mn-Sn systems here R is a rare earth
element of Yttrium group are characterized by formation
of the ternary compounds with Zr,Co,Ge;-type and
MgFesGes structure types, which are realized in studied
Gd-Mn-Sn system.

The structural analysis of ternary compounds formed
in the Gd-Mn-Sn system with regard on the coordination
polyhydra for smallest and bigger atoms showed that
they are related to corresponding structures of the binary
compounds (Fig. 6). The structure of Gd,Mn,Sn; is a
derivative from the Ho,1Geyp structure type in which
crystallizes Gd;;Snyo binary compound. Main structural
fragment is octahedron with additiona atoms formed by
Sn atoms around Gd atoms. Structure of GdMngSns
compound is derivative from the structure of GdMn,,
binary [24] which contains fragments of hexagonad
CaCus-type. Main structural fragment is hexagonal prism
with six additional atoms formed by Sn atoms around Gd

atoms and its deformed derivatives.

Conclusions

Performed in our work investigation of component
interaction in the Gd-Mn-Sn system at 673 and 873 K
indicated the stability of GdMngSng and GdsMn,Sny
formed ternary compounds at both temperature of
investigation. An influence of the temperature of
annealing takes place in character of the phase equilibria
in the part of Gd-Mn-Snh system closed to Mn-Sn binary
system, above 50 at. % Sn. It is caused by increasing of
the liquidus range with increasing of temperature up to
873 K and subsequently absence of MnSn, binary.
Increasing of annealing temperature from 673 to 873 K
results in increasing of solubility of Sn in the GdMn,
binary (from 3to 5 at. %).
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B3aemonisi komnoHeHTIiB y moTpiiiniii cucremi Gd-M n-Sn
npu 87/3i 6/3 K

Ylvsiscoruii nayionansnui ynisepcumem im. I.dpanka, syn. Kupuna i Megoois, 6, Jesis, 79005, Vpaina,
e-mail: romakal @franko.lviv.ua;
ZHauiOHaﬂmeZ yuigepcumem “ Jlvgigcoka nonimexnixa” , eyn. Yemusnosuua, 5, 719013 Jlvsis, Yrpaina

Meronamu peHTreHodaawBoro i MiKpOCprKTypHoro aHaJIi3IB JIOCII/UKEHO B3a€MOII0 KOMITOHEHTIB Yy
l'IOTplI/IHII/I cucremi Gd-Mn-Sn y nmoBHOMY KOHLEHTpauiiiHOMY 1HTepBam Ta 1noOyaoBaHI Jiarpamu q)a3OBI/IX
piBHoBar 3a Temmeparyp 873K i 673 K. 3a 0060ox Temmeparyp NOCIIDKEHHS B CHUCTEMi YTBOPIOIOTBCS JIBi
TepHapHi cnonyku GdMngSng (ctpykrypuuii tn MgFesGes, mpocropoBa rpyma P6/mmm) i GdMn,Sny
(crpykrypnuii Tun Zr,Co,Gey, npocroposa rpyna |4/mmm). Ha ocHosi 6iHapHOTO CTale[y GdSn, 3i cTpykTyporo
THIly ZrSi; BCTQHOBJICHO iCHYBaHHS TBEpAOro po3unHy BKmodeHHs GAMn,Sn, mo Bmicty 10 ar. % Mn 3a
temneparyp 873K i 673 K. Ha ocnoBi 6inapnoi cnonmyku GAMn, (crpykrypuuii Tun MgCup) yTBOprO€ThCs
TBEpIUi PO34MH 3aMillieHHs 10 BMicTy 5 at. % Sn npu 873 K i o Bmicty 3 ar. % Sn npu 673 K.

KurouoBi cioBa: inTepmeraniau, norpiiiHa cucrema, (a3oBi piBHOBard, KpUcTalliuHa CTPYKTYypa, TBEpIi
PO3UMHH.
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