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Abstract 

The ternary systems Ce(Nd,Ho)-Fe-Ge have been investigated and phase relations have been determined at 870 K, where 
respectively seven, eight and six compounds were observed. A critical assessment on the interaction of rare earth elements with 
iron and germanium has been made. 
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1. Introduction 

The observation of Nd2Fe14B [1] with unique 
magnetic properties has stimulated an intensive in- 
vestigation of ternary alloys containing rare earth, 
transition metals and elements of III, IV and V groups. 

At present the ternary systems R - F e - G e ,  R = Pr, 
Tm [2], Sm [3], Eu [4], Tb [5], Er [6], Yb [7] have 
been completely investigated by co-workers of the 
Inorganic Chemistry Department of the L'viv Uni- 
versity. ]-he ternary systems Ce-Fe -Ge ,  N d - F e - G e  
and H o - F e - G e  have partially been investigated with 
respect to the formation and crystal structure of 
ternary compounds. Also, phase diagram details 
have been studied. The compounds reported in the 
literature correspond to the following compo- 
sitions: Ce(Nd)F%Ge 2 (CeGa2A12 type) [8], 
Ce(Nd,Ho)Fe l_.~Ge 2 (CeNiSi 2 type) [9], 
Nd(Ho)Fe6Ge 6 (YCo6Ge 6 type) [10], Nd6Fe13Ge 
(Nd6Fe13Si type) [11], NdFeo.67Ge~.33 (A1B 2 type) 
[12], HoFe4Ge 2 (ZrFe4Si 2 type) [2] and Ho6FesGe ~ 
(Gd6CusGe s type) [13]. The results of X-ray inves- 
tigations of the phase relations in Ce -Fe -Ge ,  N d - F e -  
Ge and H o - F e - G e  systems at 870 K are summarized 
in this paper. 

The binaries involved in the Ce -Fe -Ge ,  N d - F e - G e  
and H o - F e - G e  systems were studied sufficiently and 
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form a large number of intermetallic compounds. 
Crystallographic data of binary phases are listed in 
Table 1. 

2. Experimental details 

The ternary samples used to derive the phase 
relations in the ternary sections at 870 K, each with a 
total weight of 2 g, were synthesized by arc melting 
proper amounts of the constituent elements under 
high purity argon on a water-cooled copper hearth. 
The starting materials were used in the form of ingots 
of high purity elements - -  cerium, neodymium, hol- 
mium (99.9%), iron (99.99%), germanium (99.999%). 
The weight losses were generally less than 1%. The 
alloys were annealed at 870 K in evacuated quartz 
tubes for 2 weeks and quenched in water. 

The identification of the various phases present in 
each sample was made by examination of the X-ray 
powder patterns (Debye-Scherrer photographs, RKD- 
57.3 cameras, nonfiltered Cr K-radiation). In view of 
the number of phases occurring in the concentration 
range containing 20-30 at.% Ce, 5-20 at.% Fe, 55-65 
at.% Ge, a combined X-ray and micrography examina- 
tion was essential. The microstructure of the alloys 
was revealed by etching in a dilute solution of HC1 and 
HF. Metallographic examinations were carried out 
using standard technique (microscope MIM-8). The 
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Table 1 
Crystallographic data of compounds of binary (Ce, Nd, Ho) -Fe ,  F e - G e  and (Ce, Nd, H o ) - G e  systems 

Compound Structure Space 
type group 

Lattice parameters (nm) 

a b c 

Reference 

CeFe 2 MgCu 2 Fd3m 0.7303 
cr-CeeFe ~v Th2Ni~7 P63/mmc 0.8940 
/%Ce2Fe 17 Th ,Zn ,  7 R3m 0.8490 
Nd~Fel7 Th2Znl7 R3rn 0.858 
NdsFe~7 NdsFel7 P63/mmc 2.0219 
HoFe~ MgCu 2 Fd3m 0.7305 
HoF% PuNi~ R3m 0.5084 
Ho6Fe23 Th6Mn23 Fm3m 1,2032 
Ho2Felv Th2Nilv P63/mmc 0,8438 
Fe3Ge(HT ) Ni~Sn P6/mmc 0.5162 
Fe)Ge(LT)  Cu,Sn Pm3m 0.3574 
Fe 32Ge 2 Fe32G % P63/mmc 0.3998 
Fe ~3Ges Fe 13Ge~ P63/mmc 0.7976 
Fe6Ge 5 F%Oe~ C2/m 0.9965 0.7826 

/3 = 109.66 ° 

[14] 
0.8281 [14] 
1.2416 [14] 
1.2458 [15 l 
1.233 [16] 

[17] 
2.445 [17] 

[171 
0.8310 [17] 
0.4207 [18] 

[181 
o.5olo [181 
0.4993 [181 
0.7801 [18] 

FeGe CoSn P6/mmm 0.4965 0.4045 [ 18] 
FeGe 2 CuA12 14/mcm 0.5908 0.4957 {18] 
Ce3Ge Ti3P P42/n 1.2482 0.6137 [19] 
CesGe 3 MnsSi 3 P63 Immc 0.888 0.661 [19] 
Ce4Ge , Th3P 4 143d 0.9214 [19] 
CesGe 4 Sm~Ge 4 Pnma 1/.795 1.522 0.806 [ 19] 
CeGe FeB Pmna 0.832 0.407 0.602 [19] 
/3-CeGe: ~ a-ThSi2 14 ~/amd 0.4259 1.4280 [19] 
cr-CeGe 2 • a-GdSi~ lmma 0.4278 0.4215 1.4071 [19] 
NdsGe ~ MnsSi 3 P63/mcm 0.875 0.655 [20] 
NdsGe ~ SmsGe 4 Pnma 0.785 1.510 (/.794 [20] 
NdGe CrB Cmcm 0.422 1.097 0.404 [20] 
/3-NdGe 2 • oz-ThSi 2 I4~/umd 0.423 t.415 [20] 
a -NdGe  2 • o~-GdSi 2 Imma 0.422 0.417 1.403 [20] 
Ho~Ge~ Mn~Si~ P6~/mcm 0.8391 0.6295 [21] 
HosGe  4 Sm~Ge 4 Pnma 0.7568 1.4569 0.7648 [21] 
H o ,  Ge ,~ Ho i 1Ge ,~ 14 / mmm 1.0818 1.6247 [21 ] 
HoGe  CrB Cmcm 0.42428 1.0623 0.3919 [21] 
Ho~Ge 4 W~CoB 3 Cmcm 0.4012 1.0562 1.4120 [22] 
o~-HoGe l ,  A1B2 P 6 / m m m  0.3926 0.4113 [21] 
a - H o G e  t 7 unknown [21 ] 
/3-HoGe~ 7 ce-ThSi 2 14,/amd 0.4044 1.362 [21] 
HoGe  ~s DyGe ts5 Cmc2, 0.4082 2.9559 0.3918 [23] 
HoGe27 unknown [21] 

microhardness (PMT-3) was measured for five pre- 
dominantly single phase C e - F e - G e  samples. 

The crystal structure was determined by a least 
squares refinement using powder diffraction data 
(DRON-3.0 diffractometer, Cu Ka radiation). All the 
procedures, including indexing, lattice and atomic 
parameter refinement, were accomplished using the 
CSD program package [24]. 

3. Results 

3.1. The Ce-Fe-Ge system 

The information obtained using the techniques 
outlined in the preceding section enable us to con- 
struct the isothermal section of the C e - F e - G e  system 

at 870 K (Fig. l(a)). The main result is the identifica- 
tion of seven ternary compounds, the crystal structure 
has been determined for three of them. Crystallo- 
graphic information on the ternary compounds is 
summarized in Table 2. Mutual solid solubilities of the 
binary compounds are insignificantly small. 

3.2. The N d - F e - G e  system 

Fig. l(b) reports the isothermal section of N d - F e -  
Ge system at 870 K as derived from X-ray phase 
analysis. The phase field distribution is characterized 
by the presence of eight ternary compounds. Crystallo- 
graphic data of the ternary phases of N d - F e - G e  
system are listed in Table 3. 

Mayer and Felner [12] and Weitzer et al. [11] 
reported the crystal data for NdFe0.67Gea.33 and 
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(a) Ge 

870 K 

Fe Nd2Fe17 b Nd 
(b) 
Fig. 1. Isothermal sections of the Ce-Fe-Ge (a) and Nd-Fe-Ge (b) 
systems at 870 K. 

Nd6Fe]3Ge. These compounds have not been ob- 
served at 870 K; therefore, it is possible that they exist 
only within a limited temperature range. 

The binary compound Fe3Ge does not appear in 
N d - F e - G e  ternary. None of binary phases show 
appreciable ranges of mutual solid solubility. 

3.3. The Ho-Fe-Ge system 

Six intermetallic compounds have been observed in 
this system at 870 K (see Table 4). The constitutional 
diagram is shown in Fig. 2. 

The binary compounds HoGe27 and H o G e ]  7 do 
not appear in H o - F e - G e  ternary at 870 K. 

4. Discussion 

The primary intention of this section is the com- 
parison of interaction of components in R - F e - G e  
systems, where R is a rare earth metal. According to 
Sections 1 and 3, we take account of, in general, ten 
ternary systems, for which the phase equilibria have 
been investigated. 

From the results obtained in this research and the 
literature data [2-7,25] some common regularities of 
the interaction of rare earth metals with iron and 
germanium can be drawn. The number of ternary 
compounds formed with light rare earth elements, iron 
and germanium monotonously increases from lanth- 
anum to samarium. No ternary compounds were found 
with europium. Among the heavy lanthanides, thulium 
forms the largest number of ternary compounds with 
iron and germanium (see Fig. 3). 

The ternary systems R - F e - G e  are characterized by 
various stoichiometries and crystal structures of the 
existing ternary compounds, depending on the rare 
earth metal (Table 5). As one can see, the most 
prevailing structure types are CeGa2AI 2 and CeNiSi2. 
The compounds with A1B2-, BaNiSn3-, Nd6Fe13Si- and 
Sm4Col_xGev-type were observed in ternary systems 
containing light lanthanides, the compounds with 
CeGa2A12-, CeNiSi2-, YCo6Ge 6- and TbllTFes2Gell 2- 

Table 2 
Crystallographic data and microhardness  of  ternary C e - F e - G e  compounds  at 870 K 

N C o m p o u n d  Structure Space 
type group 

Lattice parameters  (nm) 

a b 

Microhardness  
(kg m m  2) 

Reference 

1 - C e F e . ~ G e ,  unknown 
2 CeFe2Ge 2 CeGa2AI 2 
3 CeFeGe  3 BaNiSn 3 
4 - C% Fe 2 Ge 7 unknown 
5 CeF% 64Ge2 CeNiSi z 
6 --Ce,2FeGe 4 unknown 
7 ~Ce6FeGe13 unknown  

14/mmm 0.4070(2) 
14mm 0.4339(1) 

1.0883(3) 
0.9974(3) 

Cmcm 0.4278(1) 1.6608(8) 0.4150(2) 

488 
273 
386 
271 
351 

a 

[8]" 
a 

a 

[9F 
a 

a 

a The results of  this work. 
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Table 3 
Crystallographic data of ternary Nd-Fe-Ge  compounds at 870 K 

N Compound Structure Space 
type group 

Lattice parameters (nm) 

a b c 

Reference 

1 NdF%Ge~ YCo6Ge 6 P6/mmm 0.5142(1) 
2 NdF%Oe 2 CeGa2AI 2 14/mmm 0.4038(1 ) 
3 ~NdsFe3Ge ~e unknown 
4 ~NdsFe2Ge ~ unknown 
5 NdFeo 3~Ge 2 CeNiSi 2 Cmcm 0.4214( 1 ) 
6 ~Nd3FeGe 7 unknown 
7 ~Nd4FeGe 1[) orthorhombic 0.422(2) 
8 Nd4F% ~4Ge 7 Sm4Co 1 ~Ge 7 Atom2 0.4198(2) 

1.6450(8) 

0.403(7) 
0.4095(3) 

0.4049(2) 
1.0510(2) 

0.4084(1) 

2.828(4) 
3.037(8) 

[10]" 
I8F 
a 

a 

a 

a 

a 

"The results of this work. 

Table 4 
Crystallographic data of ternary H o - F e - G e  compounds at 870 K 

N Compound Structure type Space 
group 

Lattice parameters (nm) 

a b c 

Reference 

1 HoF%G% YCo6Ge ~ P6/mmm 
2 HoF%Ge e ZrFe4Si 2 P4,/mnm 
3 HoFezG % CeGa2A12 14/mmm 
4 Ho6F%Ge~ Gd6Cu,Ge ~ Immm 
5 HoFeo 33Ge2 CeNiSi 2 Cmcrn 
6 Ho~1vFe52Ge112 Tbtt7Fes2Get 12 Fm3m 

0.5110(2) 0.4056(1) [lO]" 
0.7255(3) 0.3852(3) [2]" 
0.3949(1) 1.0430(3) [8]" 
1.3450(7) 0.6781(4) 0.4117(2) [13]" 
0.4102(1) 1.5689(4) 0.3986(1) [9]" 
2.8238(9) --" 

a The results of this work. 

Ge /• 870 K 

//I 
FeGe2/~// ~ "~HoGe~a u^~_^ 

/ / / I  5 ~ HoGe,.s . . . . .  ,.7 
/ / / / / /  ~ 71"7"/')i, HoaGe4 

Fe o E/V, " l / A \  
Fe6Gen-~f~/~ / /  / / / / / J ~  HonGelo 

Fe3.:,Ge2 .~./~ "~3,3,/J / g ~  HosGe4 
F e ' 3 G ~ ~ o s G e 3  

Fe Ho2Felr HoFe3HoFe2 Ho 
Ho6Fe23 

Fig. 2. Isothermal section of the H o - F e - G e  system at 870 K. 

t y p e  a r e  f o u n d  fo r  l igh t  a n d  h e a v y  r a r e  e a r t h  e l e m e n t s ;  

Z r F e 4 S i 2 -  , G d 6 C u s G e 8 - ,  Tm9Fel0G%0- a n d  
H f 3 N i z S i 3 - t y p e s  a r e  t yp i ca l  o n l y  fo r  h e a v y  l a n t h a n i d e s .  

T h e  r a n g e  o f  f o r m a t i o n  o f  t e r n a r y  R - F e - G e  c o m -  

p o u n d s  is r e s t r i c t e d  to  c o n c e n t r a t i o n s  o f  less  t h a n  42 

V 
La Ce Pr Nd SmEu Gd Tb Dy Ho Er TmYb Lu Y 

_ The numbers of compounds observed 
at the isothermal section construction. 

Fig. 3. The numbers n of the existing compounds in ternary systems 
R-Fe-Ge.  

at.% rare earth metal; R 117 Fe s2 Ge 112 (Tb 117Fe52 Ge 112- 
type) is the terminal R-rich phase. Fig. 4 schematically 
shows the distribution of compounds  over the R - F e -  
Ge ternary sections at 870 K. Ternary compounds  with 
light lanthanides are found predominantly in the range 
40-70  at.% Ge, whereas  the heavy rare earth e lements  
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Table 5 

Ternary  R - F e - G e  c o m p o u n d s  with solved crystal s t ructure  ~ 

155 

Structure  type La Ce Pr Nd  Sm Eu G d  Tb Dy H o  Er  T m  Yb Lu Y Reference  

CeG%AI~ + + + + + - + + + + + + + + + [25]" 
CeNiSi ,  + + + + + + + + - + + ~- + [9] b 

Y Co6Gc ,  t + + - + + + + + + - + + [10] ~' 
Tbl,7Fes~Ge,~ 2 + - + - + + + + + - . + [2.3,6] b 
ZrFe4Si e . . . . . .  + + + + + + - + [2,6.7] ~' 
Gd~CusGe  ~ - _ _ _ + + + + + _ [13] ~" 
Hf3Ni:Si ,  - - - + ~ [2,6] 
Tm,,Fe,~,Ge > . . . . .  + + + [2,6,7] 
BaNiSn~ + + - [2] h 

A1B, + - - + + . . . . .  [25] 
Nd~Fe~Si  - + + . . . . . .  [11] 
Sm4C % G e ?  - 4- + + . . . . .  [2.3] h 

' + indicates the c o m p o u n d  exists; - indicates the c o m p o u n d  was not  observed;  no table entry means  that the alloy of  cor responding  
composi t ion  was not  investigated. 
h The results of  this work.  

G e  

870 K 

/ \ oOe 
/ _\ 

/ • 

/ V V V v "~'\ 
Fe a R 

(a) Ge 

,, T b  

T H o  

~ E r  

/ v  ~ >  ")X ~ T m  

/'., ,, ':..y 
(b) Fe b R 

Fig. 4. Schematic  d iagram showing the posi t ion of  ternary  com- 
pounds  in the sys tems for  which phase  equil ibria have been  investi- 
gated: (a) R - F e - G e ,  R = Ce, Pr, Nd, Sin; (b) R - F e - G e ,  R = Tb, 
Ho,  Er,  Trr,  

form compounds primarily in the concentration region 
from 28 to 50 at.% Ge. 
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