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New quinary phases with the CeAl,Ga, (t110, 14/mmm) and Y 5CosGes (hP8-2, P6/mmm) structure types
were found at 500°C in the Gd-Ca—Fe-Co-Ge system based on X-ray powder diffraction data. They are
Gd..CaFe,,CoGe, (x=0.085(7)-0.551(6), y=0.25-0.75, a=23.99468(6)-4.00003(8), c=10.1279(2)-
10.3981(5) A) and Cags«GdyFes,Co,Ge; (x = 0.031(1)-0.314(8), y = 0.75-2.25, a = 5.1081(1)-5.1218(1), ¢ =
3.9751(1)-4.0451(2) A). The c-parameter of the tetragonal CeAl,Gap-type (122) phase cdll depends much more
on the Fe/Co and Gd/Caratios, than the a-parameter (which remains nearly the same). The volume of the 122 cell
increases with increasing Fe and Ca content. The c-parameter of the hexagona cell of the Y5CosGes-type
(0.533) phase dso depends more strongly on the Fe/Co content than the a-parameter, but Gd/Ca substitutions
have little effect on the cell parameters. The following new quaternary and ternary phases were also discovered:
GdFe,,Co,Ge, (y = 0.5-1.5, a = 3.99419(5)-3.99750(7), ¢ = 10.3271(2)-10.1173(3) A) with CeAl,Gay-type
structure  and  GdosFe;,Co,Ge;  (y=0.75-15, a=5.1247(8)-5.1225(7), ¢ =4.052(1)-4.010(1) A),
CapsFes,Co,Ge;  (y=0.75-2.25, a=5.1153(2)-5.1066(2), c=4.0451(2)-3.9839(3) A), CasFesGe; (a=
5.10167(9), ¢ = 4.06565(7) A), and CaysCosGe; (a = 5.0899(2), ¢ = 3.9199(1) A) with Y ;5Co:Ges-type structure.
The latter two phases, together with the dready known compounds GdysFesGes and Gdy sCo3Ges, are the parent
compounds for the probably complete solid solution Cags<Gd,FesCo,Ges, just as the corresponding ternary
compounds (except in the Cate-Ge system) with CeAl,Ga-type structures open access to the

Gdy.CaFe,Co,Ge, solid solution.

Keywor ds: Gd—Ca—-+e-Co-Ge system, intermetdlics, solid solution, crystal structure.
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I ntr oduction

The discovery  of  superconductivity in
Bay eKosFE2AS, [1] has drawn the attention to compounds
crystallizing with the CeAl,Ga, (122) structure type
(Pearson symbol t110, space group [4/mmm) [1]. Some
700 compounds with 122-type structure are known in
different R-T-X (A = alkaline-earth, rare-earth metal, T =
transition metal, X = element of the main group) systems
[2], leading to a large number of substitution
possihilities.

No compounds were previoudy known in the
quinary Gd-Ca—Fe-Co-Ge system. Concerning the
ternary boundary systems Gd-Fe-Ge, Gd—Co-Ge, Ca—
Co-Ge, and Fe-Co-Ge, 20 phases have been reported
[2]: GdysFesGes (Y o5C0o:Ges-type structure), GdFe,Ge,
(CeAl,Ga-type dgructure), GdFeys,Ge; (CeNiSi,-type
structure), GdypFesGens (ThyFes,Geyo-type
structure), GdysCosGes (Y o5CosGes-type  structure),
Gd;CosGeyz  (YhsRhySnystype structure), Gd,CosGes
(LuxCosSis-type dructure), GdCo,Ge, (CeAl,Ga-type
structure), Gd,CoGes; (CeCuGes-type  structure),
GdCoysGe, (CeNiSi,-type structure), Gds;CoGey
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(ThsCo,Gey-type  structure), GdCoGe (TiNiSi-type
gtructure), Gd,CoGe, (Sc,CoSi,-type  structure),
CaCo,Ge, (CeAl,Gap-type sructure), CoFe,Ge and
CoFeGe (both Cu,MnAl-type structure), CoFeGe
(BezrSi-type structure), (CopsFens)Ge, (CuAl,-type
structure), (CogoFeng)Ge (Cop7sGe-type structure), and
(CoisFer5)Ge (BiFs-type structure). The latter four
phases could be solid solutions based on Fe-Ge binaries.

The aim of this work was to search for new
multicomponent phases based on Gd, Ca, Fe, Co, and
Ge, that adopt the CeAl,Ga, (122) structure type.

|. Experiment

Starting materials for the synthesis were ingots of
gadolinium, calcium, iron, cobalt, and germanium with
purities better than 99.85 %. Quinary alloys with a mass
of 0.5 g were synthesized in an arc furnace with a copper
water-cooled hearth, using a tungsten electrode under
argon amosphere. The alloys were homogenized in
evacuated quartz ampoules at 500°C for 1440h in a
Vulcan A-550 furnace with an automatic temperature
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control of + 1 - 2 °C. The anneded alloys were quenched
in cold water without breaking the ampoules. X-ray
phase and structural analyses were performed using
diffraction data obtained from DRON-2.0M and DRON-
4.07 powder diffractometers (Fe Ko radiation). For the
indexation of the experimental diffraction patterns,
theoretical patterns were calculated using the program
POWDER CELL-2.4 [3] and the databases TYPIX [4]
and PEARSON'S CRYSTAL DATA [2]. Crysta
gtructure refinements by the Rietveld method were
performed using the FullProf program [5].

l. Results

At the first stage of the investigation, the crystal

structures of the five-component phases
Gd,..CafFeCoGe, and Cays.,Gd/Fe sCosGe; were
refined [6] on X-ray powder diffraction data (Figs 1 and
2) from an aloy of composition Gd;sCaysFeCoGe,
(homogenized at 500°C for two months). The unit-cell
parameters of the phase Gd; ,CaFeCoGe, (structure type
CeAl,Ga, (122), t110, 14/mmm, a = 4.00126(9), ¢ =
10.1922(3) A, x = 0.152(8)) are of the same magnitude as
those of the isotypic ternary compounds GdFe,Ge, (a =
3.9867, c = 10.4798 A) [7,8] and GdCo,Ge, (a = 3.996,
=10.066 A) [8]. Refinement of the ructure of the phase
Cays.GaFesCosGe;  (structure  type  Yos5C0sGes
(0.533), hP8-2, P6/mmm, a = 5.1154(2), c = 4.0142(3) A,
x = 0.045(6)) showed mixed occupation Ca/Gd of site 1a
(45.5/4.5 %), while arefinement on diffraction data from
an as-cast alloy revealed occupation of site la by Ca
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Fig. 1. XRD pattern (Fe Ko radiation) of an alloy of composition Gd, sCaysFeCoGe,, homogenized at 500°C,
which contains the following phases: 1 — Gdy gag(s)C80.151(8)FECOGE; (CeAl Gay, 14/mmm), 2 —
Cao.455(6)Go.0u5(6) F€1.5C01 5GE3 (Y 0.5C03Ges, P6/mmm), 3 — FeCoGe (ZrBeSi, P6s/mmc)
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Fig. 2. XRD pattern (Fe Ka radiation) of an as-cast alloy of composition Gd; sCay sFeCoGe,, which containsthe
following phases: 1 — Gdp gg7(9)Cab.1039)FECOGE, (CeAl Gay, 14/mmm), 2 — CagsFe; sCo1 5Ges (Y 05C0osGes,
P6/mmm), 3 — FeCoGe (ZrBeSi, P6s/mmc)
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Tablel
Crystall ographic parameters of the Gd, CaFeCoGe, and Cay5.,GdFe; sCo; sGes phases (homogenized all oy)
Gd,.,CaFeCoGe, (x = 0.151(8)), structure type CeAl,Ga,, space group |4/mmm,
a=4.00126(9), ¢ = 10.1922(3) A, Rg = 0.0467
: Wyckoff : _ 2
Site pasition X y z Occupation Biw, A
Gd/Ca 2a 0 0 0 0.849(8)/0.151(8) 0.47(5)
Fe/Co 4d 0 Y Ya 0.5/0.5 0.51(5)
Ge de 0 0 0.3715(1) 1 0.49(5)
Cap5.xGdyFe; sCo; 5Ges (X = 0.045(6)), structuretype Y o sCasGes, space group P6/mmm,
a=5.1154(2), c = 4.0142(3) A, Rg = 0.0933
: Wyckoff : _ 2
Site pasition X y z Occupation Biw, A
Ca/lGd la 0 0 0 0.455(6)/0.045(6) 0.47(5)
Fe/Co 30 Y 0 Ya 0.5/0.5 0.51(5)
Gel 2c Vs % 0 1 0.49(5)
Ge2 2e 0 0 0.290(1) 0.5 0.49(5)
Table2

Crystall ographic parameters of the Gd, ,CaFeCoGe, and Cay 5.,GdyFe; sCo; sGes phases (as-cast alloy)

Gd «CaFeCoGe; (x = 0.103(9)), structure type CeAl,Ga,, space group 14/mmrm,
a=4.00120(8), ¢ = 10.1872(3) A, Rg = 0.0498
: Wyckoff : 2
Site pasition X y z Occupation Bis, A
Gd/Ca 2a 0 0 0 0.897(9)/0.103(9) 0.34(5)
Fe/Co 4ad 0 Va Va 0.5/0.5 0.53(5)
Ge 4e 0 0 0.3722(1) 1 0.52(4)
Cag5.xGayFe1 5C01 5Ge3 (X = 0, structure type Y o sCosGes, space group P6/mmm,
a=5.1153(2), c = 4.0120(2) A, Rg = 0.0846
: Wyckoff : 2
Site pasition X y z Occupation Biw, A
CalGd la 0 0 0 0.5/0 0.34(5)
Fe/Co 39 Va 0 Va 0.5/0.5 0.53(5)
Gel 2c Vs % 0 1 0.52(4)
Ge2 2¢ 0 0 0.293(1) 0.5 0.52(4)

“C e

=L ¢

Fig. 3. Crystal structure of the phases () Gd,.,CaFeCoGe, (CeAl,Ga,, 14/mmm) and (b)
Cao5:xGaFer sCorsGes (Y 05C0sGes, PE/mmm)

atoms aone — composition CaysFe sCosGe; (a
5.1153(2), ¢ = 4.0120(2) A). Because of the closeness of
the atomic scattering factors of Fe and Co, their content
ratio cannot be accurately refined from X-ray diffraction
data and was constrained in this and the following
refinements to its value in the nominal composition of
the alloy. Relevant crystallographic parameters of the
refined structures are listed in Table 1 and Table 2.
Models of the 122 and 0.533 structures are presented in
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Fig. 3.

The result, indicating the coexistence of two phases
(122 and 0.533) in the aloy with 122 overall
composition, motivated more detailed investigations, and
additional alloys were synthesized with the compositions
given in Table 3.

The diffraction patterns of al of the samples
contained 122 and 0.533 phases and small amounts (less
than 5 %) of additional ternary and binary phases (among
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Table3
Crystall ographic parameters of the Gd,_«CaFe,.,Co,Ge, and Cays.xGokFes.yCo,Ge; phases
Nominal composition of the dloy: Gdy 2sCag 75F€y,5C01 5Ge;, refined composition: Gdg »7Cag asF€y,50C01 50G€y,
molar ratio 122/0.533 = 0.53/0.47
Phase 122 Cell parameters, A Vol ;gne, Phase 0,533 Cell parameters, A Vol Xsme,
a c a c
Gdo 6107 C80.3907) Cay.469(3 G0 03113
.99608(8) | 10.2034(3 162.93(1 5.1081(1) | 3.9751(1) | 89.825(6
xFesC0y :G6 3 (8) 34(3) (1) < FEy72C0y G5 () () (6)
Nominal composition of the dloy: Gdy sCag sFey5C01 5Ge;, refined composition: Gdg s5Cag 25F€y 50C01 50G€y,
molar ratio 122/0.533 = 0.78/0.22
Gl 7e5( C20 20718 3.99644(7) | 10.1526(3) | 162.15(1) | CagsFenC0.25Ge; | 5.1066(2) | 3.9839(3) | 89.97(1)
xFepsCo15Ge,
Nominal composition of the dloy: Gdy 75Cag 25F€y5C01 5Ge;, refined composition: Gdg71Cag 14F€y.50C01 50G€y,
molar ratio 122/0.533 = 0.83/0.17
Cosiorm CBomiy 26) | 101279(2) | 161.78%(8) | CesnaSthoma* | 5 1106(2) | 3.9869(3) | 90.18(1
xFeysC0y :G6 3.99682(6) .1279(2) .789(8) < Fey 720y G5 .1106(2) | 3.9869(3) .18(1)
Nominal composition of the dloy: Gdy sCag 7sFe:C0,Ge,, refined composition: Gdg 26Cag 3sFe1.00C01.00GE,
molar ratio 122/0.533 = 0.52/0.48
Gdy 5587C80.442(7) Cay.450(3Gdo 05003
xFe,CoyGe, 4.00003(8) | 10.2518(3) | 164.03(1) <Fe, .C0y :Go, 5.1150(1) | 4.0079(1) | 90.811(6)
Nominal composition of the dloy: GdysCa sFe:C0o,Ge,, refined composition: Gdg s1Cag 17F€1.00C01.00GEy,
molar ratio 122/0.533 = 0.61/0.39
Gdo.846)C80.116(6)¢ Cay 31904 Gdo 18104
«Fe,Co,Ge, 3.99949(6) | 10.1922(2) | 163.03(1) <Fe, 1CO, .G 5.1162(1) | 4.0105(1) | 90.913(6)
Nominal composition of the dloy: Gdy 75Cag 2sF€1 5C01 5Ge;, refined composition: Gdg gsCag 14F€1.00C01 00GE,
molar ratio 122/0.533 = 0.78/0.22
Gdp 9157 C80.085(7) Cay.186(8 G0 314(8)
xFe,CoyGe, 3.99903(6) | 10.1915(2) | 162.985(8) xFe, (C0, 06, 5.1190(2) | 4.0168(3) | 91.16(1)
Nominal composition of the dloy: Gdy 2sCag 7sF€1 5C0p5Ge;, refined composition: Gdg 24Cag 45F€1.50C00 50GEy,
molar ratio 122/0.533 = 0.63/0.37
GloasseCoossi0 | 39976(1) | 10.3981(5) | 166.17(2) | CansFersCoorGes | 5.1135(2) | 4.0451(2) | 91.60(1)
xFe15C0p5Ge,
Nominal composition of the dloy: Gdy sCag sFe1 5C0y5Ge;, refined composition: Gdgs:Cag 17F€1.50C0050G€y,
molar ratio 122/0.533 = 0.62/0.38
Gdo.ss2(6)C80.115(6) Cay 35(4)Gdp 17504
.99612(6 10.3272(2 164.915(8 5.1189(1 4.0410(1 91.70(1
xFey {Co G, 3.99612(6) (2) 5(8) < Fey C002:G6s (1) (1) (1)
Nominal composition of the dloy: Gdy 75Cag 2sF€1 5C0p5Ge;, refined composition: Gdg g3Cag 12F€1.50C0050G€y,
molar ratio 122/0.533 = 0.71/0.29
Gdo.9097C80.091(7) Cay 2638 Go 237(8)
. 10.3249(2 164.7' 5.1218(1 4.0436(3 91.86(1
xFe, £C0nsCEs 3.99468(6) 0.3249(2) 64.759(8) < FEy5C002:G6 (1) (3) (1)

them (Co,Fe),Ge (structure type Coy75Ge, hP6,
P6s/mmc), Ca;,Ge (CuPty, cF32, Fm-3m), GdGe, s (AlB,,
hP3, P6/mmm), etc.).

The calculation of the composition of the aloys for
each caseis shown in Table 3.

[11.Discussion

The refinements carried out on the samples listed in
Table 3, showed that the alloy compositions are located
in a concentration region between the 122 and 0.533
phases (Fig. 4), obviously because of losses of Ca during
arc-melting (unfortunately the weight losses were always
in therange 3-5 %).

Considering the values of the cell parameters of the
122 and 0.533 phases (see Table 3), the following
conclusions can be drawn: the c-parameter of the

tetragonal 122 cell depends more on the Fe/Co and
Gd/Ca ratios than the a-parameter (the latter remaining
nearly the same). The volume of the 122 cdl increases
with increasing Fe and Ca content. The c-parameter of
the hexagonal 0.533 cdll is also more dependent on the
Fe/Co content than the a-parameter, but Gd/Ca
substitutions have no strong effect on the cell parameters.
Contrary to what was observed for the 122 phase, the cell
volume of the 0.533 phase increases with decreasng Ca
content. The results are shown in Figs 5 and 6, which
also take into consideration information (Table 4) about
quaternary and ternary phases obtained for other aloys:
GdFe sCoysGe; (122 phase), GdFeCoGe, (122),
GdFeysCo; sGey (122), CaCo,Ge, (122),
Gdo sFe,25C0p 75Ges (0.533), GdosFersCo.sGe; (0.533),
CaysC03Ge; (0.533) [9], CapsFesGes (0.533), and from
[7.8] — GdFeGe, (122), GdosFesGe; (0.533), and
GdCo,Ge; (122), and Gdy5sCo3Ge; (0.533) from [10].
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Table4
Crystall ographic parameters of quaternary and ternary 122 and 0.533 phasesin the
Gd—+e-Co-Ge, GdH{ Fe,Co}—Ge and Ca Fe,Co}—-Ge systems
Phase 122 aCeII parameters, AC Volume, A3 Reference
3.9867 10.4798 166.56 [7]
GdFe,Ge, 3.989 10.485 166.84 8]
GdFe, sCoo5Ge; 3.99419(5) 10.3271(2) 164.754(7) this work
GdFeCoGe, 3.99915(7) 10.2055(2) 163.218(9) this work
GdFe,sCo, 5Ge, 3.99750(7) 10.1173(3) 161.67(6) this work
GdCo,Ge; 3.996 10.066 160.73 [8]
4.0011(8) 10.291(4) 164.7(1) this work
CaCo,Ge, 3.9900 10.208 163.95 9]
Cdl parameters, A 3
Phase 0.533 3 S Volume, A Reference
GdosFesGes 5.1176 4.0714 92.49 [9]
G sF€225C00 75GE 5.1225(7) 4.052(1) 92.08(5) this work
GdosFersCo, sGes 5.1247(8) 4.010(2) 91.25(5) this work
GdysC0o3GE3 5.096 3.931 88.41 [10]
CaosFesGes 5.10167(9) 4.06565(7) 91.641(5) this work
CaosC0sGes 5.0899(2) 3.9199(1) 87.948(9) this work
5.10167(9), ¢ = 4.06565(7) A), and CaysCo:Ge; (a =
i 5.0899(2), ¢ = 3.9199(1) A), were also found during the
Conclusions

The new quinary phases Gd,..CaFe,,Co,Ge, (x =
0.085(7)-0.551(6), y = 0.25-0.75, a = 3.99468(6)-
4.00003(8), ¢ =10.1279(2)-10.3981(5) A), with
CeAl,Gap-type  structure (110,  14/mmm), and
CaysxG0kFes yCo/Ge; (x = 0.031(1)-0.314(8), y = 0.75-
2.25, a = 5.1081(1)-5.1218(1), ¢ = 3.9751(1)-4.0451(2)
A), with Y,5Co:Gestype structure (hP8-2, P6/mmm),
were found at 500°C in the Gd—Ca—Fe-Co-Ge system.
The regions of solid solutions indicated above were
deduced from structural refinements of various samples,
however, the existence of complete solid solutions based
on the ternary compounds cannot be ruled out. The new
quaternary 122 phase GdFe,,Co,Ge, (y = 0.5-15, a =
3.99419(5)-3.99750(7), ¢ = 10.3271(2)-10.1173(3) A)
and the 0.533 phases GdysFes.,Co,Ge; (y = 0.75-1.5, a =
5.1247(8)-5.1225(7), ¢ = 4.052(1)-4.010(1) A),
CaysFes Co,Ge; (y=0.75-2.25, a=5.1135(2)-
5.1066(2), ¢ = 4.0451(2)-3.9839(3) A), CaysFesGe; (a =

investigation. The observations raise the question
concerning the possible exisence of complete
multicomponent solid solutions Gd,..Ca/Fe,.,Co,Ge, and
Cays.xGdFe;yCo,Ge;  between the boundary ternary
compounds.
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B.A. I'Bo3neupkuid, P.€. 'magumescekuii, H.B. 'epman

BaratoxkommnonenTHi ¢a3u 3i crpykrypamu tuniB CeAl,Ga, Ta Y5C0:Ge; y
cucremi Gd—Ca—-+Fe-Co-Ge

Kageopa neopeaniunoi ximii, Jlvgiscokuii nayionanoruil ynieepcumem imeni leana ®panka,
eyn. Kupuna i Megoois 6, 79005 JTwsie, vol odymyr.gvozdetskyi @gmail.com

3a pesynbraTaMu peHreHo(ha3oBoro Ta peHTTeHOCTPYKTYpHOro aHamizy y ciucremax Gd—Ca—Fe-Co-Ge npu
500°C 3HaiineHo HOBI II' ITAKOMIOHEHTHi a3y 3i crpykrypamu tunis CeAl,Ga, (1110, 14/mmm) ta Y 5C0:Ges
(hP8-2, P6/mmm): Gd,.,CaFe,,Co,Ge; (x = 0.085(7)-0.551(6), y = 0.25-0.75, a = 3.99468(6)-4.00003(8), ¢ =
10.1279(2)-10.3981(5) A) ta CaysxGukFes,Co,Ge; (x = 0.031(1)-0.314(8), y = 0.75-2.25, a = 5.1081(1)-
5.1218(1), ¢ = 3.9751(1)-4.0451(2) A). INapamerp C TeTparoHanbHOI KOMipku cTpykTypu Tury CeAl,Ga, (122)
OinbIIOK Mipor 3anexurh Bin criBBigHomeHHs Fe/Co ta Gd/Ca, Hik mapamerp a (3aIHIIAETBCS Maiike
onHakoBuM). TakuM 4yuHOM, i3 30inblIeHHSM BMicTy Fe ta Ca, 006'eM KOMIpKH 3aKOHOMIPHO 30iNBIIYEThCSL.
IMTapameTp C reKcaroHaJIbHOI KOMIpKU CTPYKTYpH TUITY Y 05C03Ge3 (0.533) Takok GiIbIIO MipOO 3aJI€XKHUTh Bif
criBeinHoueHns Fe/Co, Hixx napamerp a, npore 3amitenHs Gd/Ca maiike He BILUTHBA€E Ha 3HAYCHHSI [IApaMeTpPiB
xomipku. Hosi Terpaphi Ta TepHapHi ¢asu Oynu Takox 3Haiineni: GdFe,,Co/Ge, (y = 0,5-1,5, a = 3,99419(5)-
3,99750(7), ¢ = 10,3271(2)-10,1173(3) A) 3i crpyrrypoto Ty CeAl,Ga, Ta GdgsFes,Co,Ges (y = 0,75-1,5, a=
5,1247(8)-5,1225(7), ¢ = 4,052(1)-4,010(1) A), CagsFes,Co,Ge; (y = 0,75-2,25, a = 5,1153(2)-5,1066(2), ¢ =
4,0451(2)-3,9839(3) A), CaysFesGes (a = 5,10167(9), ¢ = 4,06565(7) A) ta CaysCo:Ge; (a = 5,0899(2), ¢ =
3,9199(1) A) s3i crpyxryporo Tumy Y5C0;Ge; Ocranni jBi (asu pasoM i3 paHille BiIOMHMH CHOTYKaMH
GdpsFesGe; ta GdpsCosGe; € rpaHHYHMMH CKIAJaMH i3 MOXKIMBOIO HEHEPEpPBHOTO TBEPHOro PO3UMHY
Cay5.G0iFe; yCo,/Ge;, sk i Binnosinui TepHapsi cronyku (okpim cucremn Ca—Fe-Ge) 3i cTpykTyporo THIry
CeAl,Ga, € rpannunnME ck1agamu posunny Go,.,CafFe,.,Co,Ge,.

KuarouoBi cioBa: cucrema Gd-Ca—Fe-Co-Ge, IHTepMeTaliiM, TBEpAWI PO3YMH, KPHCTATIYHA
CTpPYKTYpa.
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