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Abstract 

The crystal structures of the two Zintl phases Mg2Ge and Mg2Sn have been refined using single-crystal X-ray data (anti-CaF 2 
type; MgzGe: a = 6.3849(4) /k, RI = 0.0149, wR2 = 0.0194; Mg2Sn: a = 6.7594(4) A, R1 = 0.0066, wR2 = 0.0165). Moreover we 
performed state-of-the-art ab initio calculations within the framework of density functional theory (DFT), in connection with 
the local density approximation (LDA) and scalar-relativistic, norm-conserving pseudopotentials. We calculated the structural 
and electronic properties of Mg2Ge and Mg2Sn, and obtained the valence charge transfer by applying the method of zero-flux 
surfaces. We found that a large charge transfer exists, but not as large as predicted by the Zintl-Klemm-Busmann concept. 
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1. Introduction 

The intermetallic compounds Mg2Ge and Mg2Sn 
belong to the class of Zintl phases. Zintl phases are 
compounds which consist of two or more (main group) 
metals or semimetals with a relatively large elec- 
tronegativity difference, which obey the concept of 
Zintl, Klemm and Busmann (ZKB).  The ZKB concept 
states that the valence electrons of the less elec- 
tronegative element (often an alkali or alkaline-earth 
metal) are completely transferred to the more elec- 
tronegative one. The latter, with a new number of 
valence electrons, now builds up partial structures 
which are also built by main group elements with the 
corresponding number of valence electrons, or, more 
generally speaking, partial structures, which obey the 
( 8 - n )  rule. For a detailed discussion of the ZBK 
concept, see the review article by Sch~ifer et al. [1]. 

In the case of Mg2Ge and Mg2Sn, four valence 
electrons are formally transferred from magnesium to 
germanium or tin, respectively. This leads to 4 + 4 = 8 
valence electrons at the germanium or tin atom and 
corresponds to the valence electron configuration of a 
noble gas (krypton or xenon, respectively). In accord- 
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ance with the ( 8 -  n) rule, solids built up by noble 
gases are characterized by isolated noble-gas atoms. 
This phenomenon can also be found for Mg2Ge and 
Mg2Sn. Both compounds crystallize in the cubic anti- 
CaF 2 structure. The germanium or tin atoms are 
surrounded by eight magnesium atoms, forming a 
regular cube. Magnesium in turn iS tetrahedrally 
coordinated by germanium or tin (Fig. 1). 

The work published in this article had two aims: 
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Fig. 1. Anti-CaF2-type structure of Mg2Ge (and Mg2Sn ). 
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(i) Synthesis and single-crystal structure refinement 
of Mg2Ge and Mg2Sn. Although there can be no 
serious doubt about the structure type (i.e. anti-CaF 2 
type) assignment [2-4] for Mg2Ge and Mg2Sn (but see 
Ref. [5] for a completely different view on the matter), 
it should be noted that there are no accurate single- 
crystal data available for these compounds up to now 
[61. 

(ii) Determination of structural and electronic 
properties by performing state-of-the-art ab initio 
calculations [7-12]. With the ZKB concept, illustrated 
above, in mind, we calculated the valence charge 
transfer by applying the method of zero-flux surfaces 
[9-16]. This should allow us to compare the formal 
charge transfer of the valence electrons with the 
transfer predicted from ab initio calculations. 

For that reason the present paper is organized as 
follows. In Sections 2 and 3 the synthesis and details of 
the structure refinement for Mg2Ge and Mg2Sn are 
presented. Section 4 deals with the theoretical results. 
The paper is closed by a conclusion. 

2. Experimental details 

During the preparation of Mg2Ge and Mg2Sn, 
difficulties arise from the relatively high vapour pres- 
sure of magnesium compared to those of germanium 
or tin. Two different strategies have been used to 
overcome this problem. The first is synthesis in a 
closed high-pressure system. This method avoids the 
vaporization losses inevitably found in normal-pres- 
sure experiments and allows for a relatively exact 
control of composition even at the very high tempera- 
tures which are needed for a complete reaction and for 
single-crystal growth. The method - -  used here for the 
synthesis of MgEGe - -  has been successfully applied 
before for the synthesis of intermetaUic phases in 
other systems with highly volatile components ([17] 
and references cited therein). 

Another strategy has been followed in the case of 
Mg2Sn. From the phase diagram of the Mg-Sn system 
[18] it follows that the solubility of tin in Mg2Sn is 
close to zero. We therefore used a starting mixture 
with an excess of tin. This reduces the necessary 
reaction temperatures considerably. The disadvantage 
of the method is, of course, that the products obtained 
are inhomogeneous. For the attempted growth of 
single crystals, however, the presence of excess tin is 
even favourable, because it acts as a flux material. 

The synthesis of Mg2Ge was carried out in a 
modified Belt-type high-pressure apparatus [19]. A 2:1 
mixture of the reactants magnesium (99.99%; Alia) 
and germanium (99.999%; Alfa) was loaded into a 
tantalum crucible. The reaction conditions were 1.0 
GPa, 1400 °C and 20 rain. After that, the mixture was 

slowly cooled down to 900 °C while maintaining the 
pressure, and then quenched to ambient conditions. 
The product contained grey metallic, brittle crystals of 
MgEGe which were not very sensitive to air and 
moisture. A crystal fragment of approximate dimen- 
sions 0.03 × 0.04 × 0.06 mm 3, checked by X-ray film 
methods, was used for data collection on an Enraf-  
Nonius CAD-4 diffractometer (Mo Ka radiation, 
graphite monochromator in incident beam). 

For the synthesis of MgESn a 1:1 mixture of mag- 
nesium (99.99%; Alfa) and tin (99.999%; Alfa) was 
loaded into a corundum ampoule in an atmosphere of 
dry argon. The corundum ampoule was placed in a 
quartz ampoule, which was sealed under vacuum. The 
reaction was carried out in a gradient furnace. The 
temperature of the reaction zone was 700 °C, and was 
held for 60 h. After slow cooling down to room 
temperature it was found that the quartz ampoule was 
corroded by magnesium vapour during the reaction 
time. The product in the corundum ampoule, however, 
did not contain any silicon, as was proved by an EDX 
analysis. From the grey metallic, brittle ingot a crystal 
fragment with approximate dimensions 0.02 × 0.02 × 
0.04 mm a was isolated, checked by X-ray film methods 
and used for data collection on the  CAD-4 diffrac- 
tometer. 

Details of the data collection for Mg2Ge and Mg2Sn 
can be taken from Table 1. 

3. Structure analysis 

The structures of Mg2Ge and Mg2Sn were solved by 
routine direct methods (SIR 92). In the least-squares 
refinement (program system SHELXL-93), F 2 mag- 
nitudes were used to refine occupation factors and 
displacement parameters. A numerical correction for 
absorption was applied to the original data set using 
the program DIFABS. Convergence was obtained after a 
few cycles with site occupancy factors (SOFs) corre- 
sponding to a 2:1 stoichiometry within one to two 
standard deviations. Consequently, the SOFs were 
fixed again at 100% before performing the final 
refinement. The results are (see also Table 1): 

Mg2Ge: Absorption correction, Tmi n = 0.688, Tma x = 
1.00; final wR2 = 0.0194, R1 = 0.0149, GooF(S) -- 0.892 
for all 48 unique reflections; w - l =  tr(F2)+ 
(0.0106P) 2, P =  [2max(Fo)+Fc]/3; four parameters, 
max shift/esd=0.000; Apmi,.max = -0.38, +0.36 e 
/~k -3" 

MgESn: Absorption correction Tmin = 0.803, Tma x = 
1.00; final wR2 = 0.0165, R1 = 0.0066, GooF(S) = 0.973 
for all 51 unique reflections; w - l = t r ( F  2)+ 
(0.0094P) 2, p = (2max(Fo) + Fc)/3; four parameters, 
max. shift/esd=0.000; Apmin. m~x = -0.26, +0.29 e 
flk -3. 
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Table 1 
Crystallographic data and details of the structure analysis for Mg2Ge and Mg2Sn 

Mg2Ge Mg2Sn 

Space group Fm3m 
a (A)~ 6.3849(4) 6.7594(4) 
V (,~,) 260.30(3) 308.84(4) 
Z 4 
F(000) 224 296 
Density (calc.) (g cm 3) 3.092 3.597 
Crystal size (mm 3) 0.03 × 0.04 × 0.06 0.02 × 0.02 × 0.04 
Diffractometer Enraf-Nonius CAD-4 
Radiation Mo Ka (A = 0.71073 ,A,) 
Monochromator Graphite 
Scan mode ~o/20 
Scan width (°) 0.5 + 0,4 tan 0 0.55 + 0.45 tan 0 
(sin 0/A)m,x 0.81 
hkl limits 10 ~< h ~< + 10 0 ~ h <~ 9 

0~<k<~ +10 -9~<k~<9 
-10~<l~ < +6 -9~l~<9 

Loss of intensity 2.3% 0.3% 
Intensities measured 545 680 
Unique reflections, R~., 48, 0.05 51, 0.04 
Absorption correction 
Refined parameters 
Mean shift/esd, max. shift 
Final R~, wR 2, S for all data 
(ap) . . . . .  ,. (e k -~) 
Extinction factor 

I)IFABS 

4 
0.000, 0.000 

0.0149, 0.0194, 0.892 0.0066, 0.0165, 0.973 
+0.38,-0.34 +0.29,-0.26 
0.0035(11) 0.0023(5) 

Further details of the crystal structure determination 
can be obtained from the Fachinformationszentrum 
Karlsruhe GmbH, D-76344 Eggenstein- 
Leopoldshafen, Germany, by quoting the depository 
number CSD-59093. 

4. Ab initio calculations 

We pe r fo rmed  ab initio calculations within the 
f r amework  of  density functional  theory  ( D F T )  
[7,8,10,11,13], which is usually evaluated in the local 
density approximat ion  (LDA) .  We used scalar-re- 
lativistic and norm-conserv ing  pseudopotent ia ls  for Ge  
(4s24p2), Sn (5s25p 2) and Mg (2p63s2), which were 

genera ted  in a scheme p roposed  by Troull ier  and 
Mart ins [20]. The  considered valence electron configu- 
rat ions for Ge, Sn and Mg are given in parentheses.  
For  k-space summat ion ,  a set of  19 weighted Mon-  

khorst-Pack points [21,22] was used. The self-con- 
sistent calculations were performed with a plane-wave 
basis set with a kinetic energy cut-off (k + G) 2 of 40 
Rydberg (Mg2Ge) and 45 Rydberg (Mg2Sn), respec- 
tively. 

First we calculated the structural properties of 
Mg2Ge and Mg2Sn, assuming for both the anti-CaF 2- 
type structure, found by experiment. In these calcula- 
tions the unit-cell vo lume was al lowed to vary. The  
equil ibrium volumes (and hence,  the lattice pa rame-  
ters, because the systems considered are cubic) as well 
as the bulk modul i  were de te rmined  by fitting the total 
energy vs. volume curves against Vinet ' s  equat ion  of  
state [23,24]. 

The  obta ined  lattice constants,  given in Table  3, are 
in excellent ag reement  with the exper imental  data. For  
compar i son  purposes,  the results of  a very recent  ab 
initio calculation for  Mg2Ge and Mg2Sn [25] are also 
given. As  can be seen f rom Table  3, our  values for  the 

Table 2 
Atomic parameters, displacement factors  (~t 2) and selected interatomic distances (.~) for Mg2Ge and MgzSn 

Atom Position x y z U11 a 

Ge 4a (m3m) 0 0 0 
Mg 8c (43m) 1/4 1/4 1/4 
Sn 4a (m3m) 0 0 0 
Mg 8c (43m) 1/4 1.4 1/4 
Ge-Mg 2.7647(3) (8×) Sn-Mg 2.9269(3) (8x) 
Mg-Ge 2.7647(3) (4x) Mg-Sn 2.9269(3) (4×) 

0.0072(2) 
0.0109(2) 
0.0098(1) 
0.0138(3) 

U,, = U22 = U33; U,2 = U,3 = U2~ = O. 
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Table 3 
Calculated and experimental values of the equilibrium lattice constants and bulk moduli for Mg2Ge and Mg2Sn. The values calculated by 
Corkill and Cohen [25] are also given for comparison purposes. The experimental values for the bulk moduli are from Ref. [28] 

a o , e x  p - -  ao ,ca lc  
Compound ao,cal, (A,) ao.ex p (A,) bo.calc (kbar) b o ~,p (kbar) 

a o , e x  p 

Mg=Ge 6.309 6.3849(4) 0.012 529 440-547 [28] 
MgzGe [25] 6.12 0.042 576 

Mg2Sn 6.728 6.7594(4) 0.005 445 412 [28] 
Mg2Sn [25] 6.52 0.035 474 

> 
(D 

e- 
° ~  

O 
t.-- 
(D 

6.0 

4.0 

0.0 

-2.0 

-4.0 

-6.0 

-8.0 

Mg2Sn 

%t 

L F X U,K F X W 

Fig. 2. Calculated band structure for Mg2Sn. 

bulk moduli are at the upper borders of the range of 
experimental values. This behaviour is even more 
pronounced with the calculated values of CorkiU and 
Cohen [25]. 

In Fig. 2 the calculated band structure for Mg2Sn is 
presented. Its general appearance agrees very well 
with that given by Corkill and Cohen. It should be 
noted, however, that we get a fundamental gap (from 
F to X) of 0.35 eV as compared with an experimental 
value of 0.23-0.36 eV. The calculated value reported 
by Corkill and Cohen is 0.026 eV. 

Intersections through the valence charge density of 
Mg2Ge along the (100) and (110) plane are shown in 
Fig. 3. The strong localization of the 2p states of 
magnesium can be seen, whereas the valence electrons 
of germanium are widely spread. 

The main aim of the present investigation was to get 
a precise estimation of the valence charge transfer in 
Mg2Ge and Mg2Sn, i.e. an estimation of the amount of  
"ionicity" in these compounds. Some approaches for 
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Fig. 3. Intersections through the valence charge density of Mg2Ge along the (100) (left) and (110) (fight) planes. 
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Table 4 
Unit cell volume V,,, total valence charge p,,, atomic volumes V,, 
atom ic valence charges p, and valence charge transfer 6 for Mg2Ge 
and Mg2Sn 

V (au 3) p,, ( e )  V, (au 3) Pi ( e )  ~ ( e )  

Mg2Ge 424 20 2.98 ± 0.04 
Mg 85 _+ 7 6.51 ± 0.02 
Ge 254 _+ 14 6.98 ± 0.04 

Mg2Sn 514 20 
Mg 105 ± 9 6.66 ± 0.03 
Sn 304 ± 18 6.68 _+ 0.06 

2.68 ± 0.06 

the calculation of the charge transfer and the ionicity 
in crystals are reviewed in Ref. [12]. The general 
principle behind all ionicity scales is to quantify the 
rearrangement of electronic charge when atoms are 
put together to form a solid. The most crucial point in 
doing this is the estimation of the atomic volumes. We 
used the quantum-mechanical concept of zero-flux 
surfaces which was introduced by Bader [13-16] for 
atoms and molecules and was applied by us to solids 
[10-12]. 

We have calculated the respective valence charges 
for Mg, Ge and Sn by integrating the self-consistent 
DFT (LDA) charge density over the volume included 
by the zero-flux surfaces in the anti-CaF2-type struc- 
ture for MgeGe and Mg2Sn. Using the valence charge 
of the isolated atoms, we easily obtain the valence 
charge transfer. The calculated atomic volumes and 
valence charges for Mg, Ge and Sn and the values for 
the valence charge transfer in Mg2Ge and Mg2Sn are 
given in Table 4. In accordance with experiments [26] 
and earlier calculations [27] we find that not all of the 
magnesium 2s electrons are transferred to the Group 
IV atom, as postulated by the ZKB concept (Mg~ ÷ 
Sn4-). The calculated valence transfer, however, gives 
evidence for the fact that Mg2Ge and Mg2Sn can be 
seen as predominantly ionic materials with a partial 
covalent bonding. 

5. Conclusions 

We have refined the crystal structures of the two 
Zintl phases Mg2Ge and Mg2Sn using single-crystal 
X-ray data, and could confirm the anti-CaF2-type 
structure for both compounds. Moreover we per- 
formed ab initio calculations within the framework of 
density functional theory, evaluated in the local den- 
sity approximation, using Troullier-Martins norm-con- 
serving, scalar-relativistic pseudopotentials. The values 
obtained for the lattice constants and the fundamental 
band gaps are in excellent agreement with the ex- 
perimental values. However, the agreement between 
the calculated and observed values for the bulk moduli 

is less satisfactory, bearing in mind the very good 
agreement between calculated and experimental lat- 
tice constants. A redetermination of the bulk moduli 
for Mg2Ge and Mg2Sn therefore seems desirable. An 
in situ high-pressure X-ray study is in progress in our 
laboratory. 

Summarizing the facts illustrated above, it is clear 
that the formal valence charge transfer required by the 
ZKB concept overestimates the actual existing valence 
charge transfer. Nevertheless the predicting power of 
the ZKB concept is still large enough for it to be an 
useful tool to understand the structural behaviour of 
the Zintl-phase-type intermetallic compounds. 

Acknowledgements 

The generous support given by the Deutsche For- 
schungsgemeinschaft (Graduiertenkolleg "Komplex- 
it/it in Festk6rpern - -  Phononen, Elektronen und 
Strukturen") and the Fonds der Chemischen Industrie 
is gratefully acknowledged. We thank S. Baroni, P. 
Pavone, K. Karch and B. Freytag for the numerical 
support, M. Zabel for his help with the collection of 
the diffractometer data. This work has been supported 
by computer time grants from the Hochleis- 
tungsrechenzentrum Jtilich and the Leibniz-Rechen- 
zentrum Mtinchen. 

References 

[11 H. Sch~ifer, B. Eisenmann and W. Miiller, Angew. Chem.. 85 
(1973) 742. 

[2] A. Sacklowski, Ann. Physik, 77 (1925) 241. 
[3] L. Pauling, J. Am. Chem. Soc., 45 (1923) 2777. 
[4] E. Zintl and H. Kaiser, Z. Anorg. Allg. Chem., 211 (1933) 113. 
[5] P. Villars and L.D. Calvert, Pearson's Handbook of Crystallo- 

graphic Data for Intermetallic Phases, The Materials Infor- 
mation Society, Materials Park, OH, 2nd edn., 1991. 

[6] E.S. Makarov, Sh. Muntyanu, E.B. Sokolov and G.A. 
Slesareva, Inorg. Mater.. 2 (1966) 1830. 

[7] B. Freytag, G.H. Grosch, U. R6ssler, K.-J. Range and K. 
Karch, J. Chem. Phys., 99 (1993) 675l. 

[8] G.H. Grosch, B. Freytag, K.-J. Range and U. R6ssler, Int. 
Quantum Chem., 52 (1994) 919. 

[9] G.H. Grosch, Dissertation, University of Regensburg, 1994. 
[10] G.H. Grosch and K.-J. Range, J. Alloys Comp., in press. 
[11] G.H. Grosch and K.-J. Range, J. Alloys Comp., in press. 
[12] G.H. Grosch, B. Freytag, K.-J. Range and U. R6ssler, J. Chem. 

Phys., 101 (1994) 6782. 
[13] R.F.W. Bader, Chem. Rev.. 91 (1991) 893. 
[14] R.F.W. Bader, Atoms in Molecules, a Quantum Theory, Claren- 

don Press, Oxford, UK, 1988. 
[15] R.F.W. Bader, Int. J. Quantum Chem., 49 (1994) 299. 
[16] R.F.W. Bader, Phys. Rev. B, 49 (1994) 13348. 
[17] K.-J. Range and P. Hafner, J. Alloys Comp., 183 (1992) 430. 
[18] T.B. Massalski, Binary Alloy Phase Diagrams, Vol. 111, Ameri- 

can Society for Metals, Metals Park, OH, 1986. 
[19] K.-J. Range and R. Leeb, Z. Naturforsch., 30b (1975) 889. 



G.H. Grosch, K.-J. Range / Journal of Alloys and Compounds 235 (1996) 250-255 255 

[20] N. Troullier and J.L. Martins, Phys. Rev. B, 43 (1991) 1993. 
[21] D.J, Chadi and M.L. Cohen, Phys. Rev. B, 8 (1973) 5747. 
[22] H.J. Monkhorst and D.J. Pack, Phys. Rev. B, 13 (1976) 5188. 
[23] P. Vinet, J. Ferrante, J.R. Smith and J.H. Rose, J. Phys. C: Solid 

State Phys., 19 (1986) L467. 
[24] P. Vinet, J.H. Rose, J. Ferrante and J.R. Smith, J. Phys.: 

Condens. Matter, 1 (1989) 1941. 
[25] J.L, Corkill and M.L. Cohen, Phys. Rev. B, 48 (1993) 17138. 

[26] R. Bertoncini, F. Meloni and M. Serra, Nuovo Cimento Soc. 
Ital. Fis. D, 5 (1985) 124. 

[27] P.M.Th.M. van Attekum, G.K. Wertheim, G. Crecelius and J.H. 
Wernick, Phys. Rev. B, 22 (1980) 3998. 

[28] O. Madelung (ed.), Landolt-B6rnstein, Numerical Data and 
Functional Relationships in Science and Technology - -  Crystal 
and Solid State Physics, Vol. I11, Springer, Berlin, 1972. 


