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Alloys of the quasi-binary system SmGa2–SmAl2 annealed at 600ºC were investigated by X-ray powder 
diffraction. Formation of a ternary compound, SmGa1.00-0.75Al 1.00-1.25 (structure type AlB2, Pearson symbol 
hP3, space group P6/mmm, a = 4.4463(2)-4.4784(2), c = 3.7646(2)-3.7230(2) Å) and substitutional solid 
solutions of the binary compounds, SmGa2-1.32Al 0-0.68 (structure type AlB2, hP3, P6/mmm, a = 4.235-4.2947(2), 
c = 4.183-4.1419(3) Å) and SmGa0-0.21Al 2-1.79 (structure type MgCu2, cF24, Fd-3m, a = 7.942-7.9283(2) Å), was 
established. Replacement of Ga atoms by Al atoms along the 33.3 at.% Sm isoconcentrate leads to an increase 
of the space-filling coefficient from 68.4 (SmGa2) to 78.8 % (SmAl2). 
 
Samarium / Aluminum / Gallium / X-ray powder diffra ction / Crystal structure / Solid solution 
 
Introduction 
 
Isothermal sections of the phase diagrams of ternary 
systems R–Ga–Al (R – rare-earth metal) have been 
constructed for the following rare-earth metals: Y, La, 
and Ce at 400°C in the region 0-33.3 at.% R [1,2], La 
at 400°C over the whole concentration range [3,4], Gd 
at 800°C in the region 20-100 at.% Gd [5,6], Ho at 
500°C and 800°C in the region 25-33.3 at.% Ho [3]. 
For R = Ce [7], Nd [8,9], Eu [10], Gd [11], Er [8,9], 
Tm [12,13], and Yb [10,14] the quasi-binary sections 
RGa2–RAl 2 have been investigated. In some systems, 
alloys of the equiatomic compositions RGaAl were 
synthesized and investigated by X-ray diffraction. 
This way RGaAl phases with the hexagonal AlB2-type 
structure were found for R = Ce [15], Pr [16], Nd 
[8,9], Sm [17], Gd [17], Tb [17], Dy [18], Ho [19], 
and Er [8,9]. For the Yb-containing phase the structure 
type CaIn2 was reported [10,14], whereas for the Eu- 
and Tm-containing phases the structure type KHg2 
was reported [10,13]. Crystallographic data for ternary 
phases reported in the quasi-binary systems RGa2–
RAl 2 are listed in Table 1. 
 The ternary systems R–Ga–Al are characterized by 
the formation of numerous ternary compounds with 
homogeneity ranges of different lengths along 
isoconcentrates of rare-earth metals, and solid 
solutions based on binary compounds. The ternary 
system Sm–Ga–Al has not yet been investigated. The 
only report on this system concerns the crystal 
structure of the phase SmGaAl [17], to which the 

structure type AlB2 was assigned, but a complete 
structure refinement was not carried out. The crystal 
structures of the binary compounds are known and 
described in the literature: SmGa2 (structure type 
AlB 2, Pearson symbol hP3, space group P6/mmm,  
a = 4.238, c = 4.187 Å) [21] and SmAl2 (MgCu2, 
cF24, Fd-3m, a = 7.940 Å) [22]. In the present article 
we report the results of a structural investigation of the 
quasi-binary system SmGa2–SmAl2 at 600°C, which is 
part of the phase diagram of the ternary system  
Sm–Ga–Al. 
 
 
Experimental 
 
13 ternary Sm-Al-Ga alloys containing 33.3 at.% Sm 
were synthesized by direct arc-melting of the 
constituent metals (Sm �  99.83 wt.%, Al �  
99.985 wt.%, Ga �  99.999 wt.%) under purified argon 
atmosphere. The samples were annealed at 600°C in 
evacuated quartz ampoules for 1 month and 
subsequently quenched in cold water. The weight loss 
during the preparation was less than 1 % of the total 
mass, which was 1 g for each alloy. Phase analysis 
was carried out using X-ray powder diffraction data 
collected on a diffractometer DRON-2.0M (Fe K�  
radiation) in the angular range 15 �  2�  �  140º with the 
step 0.05º. The profile and structural parameters were 
refined by the Rietveld method using the program 
package FullProf Suite [23]. For each phase the 
following parameters were refined: scale factor, unit-
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Table 1 Ternary phases in the systems RGa2–RAl 2. 
 

Phase 
Structure 

type 
Pearson  
symbol 

Space  
group 

a, Å b, Å c, Å 
Ref. 

YGa2-1.4Al 0-0.6 AlB2 hP3 P6/mmm 4.20-4.25 – 4.10-4.07 [1] 
YGa1.3-1.1Al 0.7-0.9 AlB2 hP3 P6/mmm 4.388-4.440 – 3.692-3.624 [2] 
LaGa2-0.3Al 0-1.7 AlB2 hP3 P6/mmm 4.33-4.44 – 4.41-4.39 [1] 
CeGa2-0.9Al 0-1.1 AlB2 hP3 P6/mmm 4.27-4.37 – 4.30-4.26 [1] 
CeGaAl AlB2 hP3 P6/mmm 4.378 – 4.329 [15] 
PrGaAl AlB2 hP3 P6/mmm 4.351 – 4.261 [16] 
NdGa2-0.86Al 0-1.14 AlB2 hP3 P6/mmm 4.25-4.35 – 4.25-4.20 [8] 
NdGa2-0.85Al 0-1.15 AlB2 hP3 P6/mmm 4.25-4.38 – 4.25-4.18 [9] 
NdGa0.86-0.54Al 1.14-1.46 AlB2 hP3 P6/mmm 4.48-4.50 – 3.75-3.70 [8] 
NdGa0.84-0.50Al 1.16-1.50 AlB2 hP3 P6/mmm 4.45-4.50 – 3.85-3.80 [9] 
NdGa0.35-0Al 1.65-2 MgCu2 cF24 Fd-3m 8.01-8.00 – – [9] 
NdGa0.34-0Al 1.66-2 MgCu2 cF24 Fd-3m 8.00-7.99 – – [8] 
SmGaAl AlB2 hP3 P6/mmm 4.451 – 3.759 [17] 
EuGa2-0.8Al 0-1.2 KHg2 oI12 Imma 4.644-4.682 7.640-7.716 7.625-7.717 [10] 
EuGa0.4-0Al 1.6-2 MgCu2 cF24 Fd-3m 8.127-8.106 – – [10] 
GdGa2-1.4Al 0-0.6 AlB2 hP3 P6/mmm 4.20-4.25 – 4.15-4.10 [11] 
GdGa1.2-0.8Al 0.8-1.2 AlB2 hP3 P6/mmm 4.38-4.42 – 3.72-3.68 [11] 
GdGa0.2-0Al 1.8-2 MgCu2 cF24 Fd-3m 7.90-7.90 – – [11] 
TbGaAl AlB2 hP3 P6/mmm 4.434 – 3.637 [17] 
DyGa2-0.76Al 0-1.24 AlB2 hP3 P6/mmm 4.197-4.449 – 4.029-3.571 [18] 
HoGaAl AlB2 hP3 P6/mmm 4.444 – 3.555 [19] 
ErGa2-1.86Al 0-0.14 AlB2 hP3 P6/mmm 4.22-4.22 – 4.00-4.00 [9] 
ErGa2-1.76Al 0-0.24 AlB2 hP3 P6/mmm 4.40-4.40 – 4.03-4.03 [8] 
ErGa1.75-0.74Al 0.25-1.26 AlB2 hP3 P6/mmm 4.32-4.42 – 3.65-3.50 [9] 
ErGa1.64-0.76Al 0.36-1.24 AlB2 hP3 P6/mmm 4.40-4.45 – 3.60-3.50 [8] 
ErGa0.34-0Al 1.66-2 MgCu2 cF24 Fd-3m 7.76-7.78 – – [8] 
ErGa0.34-0Al 1.66-2 MgCu2 cF24 Fd-3m 7.72-7.77 – – [9] 
TmGa2-1.5Al 0-0.5 KHg2 oI12 Imma 4.2021-4.2375 6.8874-6.9047 8.0752-8.0556 [12] 
TmGa2-1Al 0-1 KHg2 oI12 Imma 4.210-4.270 6.886-6.912 8.070-8.040 [13] 
TmGa0.24Al 1.76 MgCu2 cF24 Fd-3m 7.7585 – – [20] 
YbGa2-1Al 0-1 CaIn2 hP6 P63/mmc 4.457-4.512 – 7.187-7.146 [10] 
YbGa2-1Al 0-1 CaIn2 hP6 P63/mmc 4.450-4.500 – 7.200-7.160 [14] 
YbGa0.5-0Al 1.5-2  MgCu2 cF24 Fd-3m 7.868-7.881 – – [10] 
YbGa0.5-0Al 1.5-2  MgCu2 cF24 Fd-3m 7.868-7.875 – – [14] 
 
 
cell parameters, profile parameters (pseudo-Voight 
profile function), occupancies and isotropic 
displacements parameters for all of the atoms. The 
background was defined by polynomial functions 
using a Fourier filtering technique. 
 
 
Results and discussion 
 
The X-ray phase analysis revealed a solid solution 
based on the binary compound SmGa2, a ternary 
compound with a certain homogeneity range, and a 
solid solution based on the binary compound SmAl2. 
The ternary compound crystallizes in the structure 
type AlB2, and is consequently isostructural to SmGa2. 
No indication for any of the numerous superstructures 
of AlB2 was observed at the equiatomic composition, 
and the refinement of the site occupancies showed in 
all cases full occupancy of Wyckoff position 2d by a 
statistical mixture Ga/Al in agreement with the 

nominal composition. Between these phases there is a 
two-phase region. X-ray powder diffraction patterns 
collected from the thirteen ternary alloys are shown in 
Fig. 1. Patterns of single-phase samples from the solid 
solution based on the binary compound SmGa2 are 
drawn in red, those from the homogeneity range of the 
ternary compound SmGa1.00-0.75Al 1.00-1.25 in blue, and 
those from the solid solution based on the binary 
compound SmAl2 in green. The binary compounds 
SmGa2 and SmAl2 dissolve 22.5 at.% Al and 7 at.% 
Ga, respectively, forming substitutional solid solutions  
with the formulas SmGa2-1.32Al 0-0.68 and 
SmGa0-0.21Al 2-1.79. The homogeneity range of the 
ternary phase is 8.4 at.% Ga or Al, leading to the 
composition SmGa1.00-0.75Al 1.00-1.25. The concentration 
limits of the solid solutions based on the binary 
compounds and the homogeneity range of the ternary 
phase were determined from plots of the dependencies 
of the cell parameters on the composition (Fig. 2). 
Unit-cell parameters, average radii of the statistical 
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Fig. 1 X-ray powder diffraction patterns of the alloys of the quasi-binary system SmGa2–SmAl2. 
 
 

 
 
 

Fig. 2 Boundaries of the solid solutions based on the binary compounds SmGa2 and SmAl2, homogeneity 
range of the ternary compound SmGa1.00-0.75Al 1.00-1.25, and the corresponding unit-cell parameters as a 
function of the Al content. 
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Table 2 Unit-cell parameters, average radii of the Ga/Al atoms and space-filling coefficient (f) for the phases 
that form in the SmGa2–SmAl2 system at 600ºC. 

 
Unit-cell parameters Alloy  

composition 
Phase a 

Structure  
type a, Å c, Å V, Å3 

c/a 
r(Ga/Al), 

Å 
f, % b 

– SmGa2 [21] AlB2 4.238 4.187 65.13 0.99 1.33 68.4 
Sm33.3Ga61.7Al 5 SmGa2 AlB2 4.2499(17) 4.1815(2) 65.407(5) 0.98 1.337 68.6 
Sm33.3Ga56.7Al 10 SmGa2 AlB2 4.2589(2) 4.1736(3) 65.560(6) 0.98 1.345 69.0 
Sm33.3Ga51.7Al 15 SmGa2 AlB2 4.2703(2) 4.1664(3) 65.797(5) 0.98 1.353 69.3 
Sm33.3Ga46.7Al 20 SmGa2 AlB2 4.2851(2) 4.1532(2) 66.045(5) 0.97 1.360 69.5 

Sm33.3Ga41.7Al 25 
SmGa2 

SmGaAl 
AlB 2 

AlB 2 
4.2947(2) 
4.4465(5) 

4.1419(3) 
3.7647(6) 

66.160(8) 
64.461(13) 

0.96 
0.85 

  

Sm33.3Ga36.7Al 30 
SmGa2 

SmGaAl 
AlB 2 

AlB 2 

4.2943(11) 
4.4467(3) 

4.1414(16) 
3.7644(4) 

66.16(3) 
64.462(8) 

0.96 
0.85 

  

Sm33.3Ga33.3Al 33.3 SmGaAl AlB2 4.4463(1) 3.7646(2) 64.453(4) 0.85 1.380 72.7 
Sm33.3Ga30Al 36.7 SmGaAl AlB2 4.4600(2) 3.7423(3) 64.500(7) 0.84 1.385 73.0 
Sm33.3Ga25Al 41.7 SmGaAl AlB2 4.4784(2) 3.7230(2) 64.664(5) 0.83 1.393 73.4 

Sm33.3Ga20Al 46.7 
SmGaAl 
SmAl2 

AlB 2 

MgCu2 
4.4789(2) 
7.9287(9) 

3.7233(2) 
- 

64.685(6) 
498.4(2) 

0.83 
1 

  

Sm33.3Ga15Al 51.7 
SmGaAl 
SmAl2 

AlB 2 

MgCu2 
4.4782(2) 
7.9285(2) 

3.7235(3) 
- 

64.668(6) 
498.39(2) 

0.84 
1 

  

Sm33.3Ga10Al 56.7 
SmGaAl 
SmAl2 

AlB 2 

MgCu2 
4.4785(4) 
7.9289(2) 

3.7238(6) 
- 

64.682(14) 
498.478(18) 

0.84 
1   

Sm33.3Ga5Al 61.7 SmAl2 MgCu2 7.9329(3) - 499.23(3) 1 1.423 78.5 

– SmAl2 [22] MgCu2 7.940 - 500.57 1 1.43 78.8 
a SmGa2 – solid solution based on SmGa2 (SmGa2-1.32Al 0-0.68), SmAl2 – solid solution based on SmAl2  
(SmGa0-0.21Al 2-1.79), SmGaAl – ternary compound SmGa1.00-0.75Al 1.00-1.25; 

b %100
)2(

3
4 3

)Ga/Al(
3
Sm

×
+p

=
V

Zrr
f , where rSm = 1.81, rGa = 1.33, rAl = 1.43 Å, Z – formula units per cell, V – cell 

volume.  
 
mixtures of Ga and Al atoms and space-filling 
coefficients for the phases that form in the SmGa2–
SmAl2 system at 600ºC are listed in Table 2. With 
gradual replacement of Ga atoms by Al atoms in the 
isostructural phases SmGa2-1.32Al 0-0.68 and 
SmGa1.00-0.75Al 1.00-1.25 the cell parameter a increases, 
while the cell parameter c decreases. In both cases the 
unit-cell volume increases during progressive 
substitution of larger Al atoms for smaller Ga atoms. 
The c/a ratio for the solid solution SmGa2-1.32Al 0-0.68 is 
close to 1 (�  0.98), while for the ternary compound 
SmGa1.00-0.75Al 1.00-1.25 it is smaller than 1 (�  0.84). 
 Replacement of Ga atoms by Al atoms in the 
binary and ternary phases of the SmGa2–SmAl2 
system leads to an increase of the space-filling 
coefficient from 68.4 to 78.8 % in the binary 
compounds SmGa2 and SmAl2, respectively. Within 
the homogeneity ranges the space-filling coefficient 
increases linearly, while between the phases it changes 
abruptly (Fig. 3). 
 As shown above, the replacement of smaller Ga 
atoms by larger Al atoms in the isostructural AlB2-
type phases leads to an increase of the cell parameter a 
and a decrease of the cell parameter c. This behavior 
can be explained by geometric features of the structure 
type AlB2. The smaller atoms (Ga/Al) form graphite-
like planar nets (Fig. 4a), located perpendicular to the 

z-axis (cell parameter c). With increasing average 
atomic radius of the statistical mixture Ga/Al, the cell 
parameters a and b increase due to the increase of the 
interatomic distances within the net. The Sm6 trigonal 
prisms surrounding the Ga/Al atoms have their axes 
aligned along the z-axis (Fig. 4b). Their bases expand, 
but the height is reduced, leading to a decrease of the 
cell parameter c.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Space-filling coefficient for the phases 
in the SmGa2–SmAl2 system as a function of 
the Al content. 
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Fig. 4 Projection of a Ga/Al atom graphite-like planar net on the plane ab (a) and arrangement of trigonal 
prisms Sm6 along c (b) in the structure of SmGa2-1.32Al 0-0.68 (AlB2 type).  

 
 The geometrically very simple structure type AlB2 
is conventionally subdivided into three branches 
according to the interaxial c/a ratio: c/a = 1.2-2.2,  
c/a = 0.9-1.2 and c/a = 0.5-0.9 [24]. The solid solution 
based on the binary compound SmGa2 belongs to the 
second branch, where the atoms in Wyckoff position 
1a have coordination number 12 (hexagonal prism) 
and the graphite-like net dominates the coordination 
of the smaller atoms (coordination number 3). The 
purely ternary phase including the composition 
SmGaAl belongs to the third branch. In this case the 
coordination of the rare-earth metal is increased from 
12 to 14, since the two atoms capping the hexagonal 
faces of the prism are now at a similar distance. The 
rare-earth atoms become more important when 
considering the coordination of the smaller atoms 
(trigonal prism R6), which also includes the two 
directly over- and underlying atoms of the same 
species (3+2+6). Even if “isostructural” to SmGa2, the 
phase SmGa1.00-0.75Al 1.00-1.25 thus represents an 
intermediate towards SmAl2, where the coordination 
number of the Sm atoms is 16 (Friauf polyhedron) and 
that of the Al atoms 12 (icosahedron). The increase of 
the average coordination number corresponds to better 
space filling, whereas more local bonding should be 
present in SmGa2. It can be seen from Table 1 that the 
same sequence of structure types is observed for the 
majority of the RGa2–RAl 2 systems, whereas the 
systems with Eu and Yb constitute exceptions. The 
latter are more closely related to the corresponding 
systems formed by alkaline earth elements [10], 
showing once again the preference of these rare-earth 
elements for the two-valent state.  
 
 
Conclusions 
 
The quasi-binary system SmGa2–SmAl2 was 
investigated at 600°C by means of X-ray powder 
diffraction. The formation of substitutional solid 

solutions based on the binary compounds,  
SmGa2-1.32Al 0-0.68 and SmGa0-0.21Al 2-1.79, and an 
intermediate ternary compound was established. 
Substitution of Al atoms for Ga atoms in the binary 
and ternary phases of the SmGa2–SmAl2 system leads 
to an increase of the space-filling coefficient. Within 
the homogeneity ranges the space-filling coefficient 
increases linearly, while between the phases it changes 
abruptly. 
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