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Abstract. In this paper we present our resule from eleckonic skuchire calculations of the 
intermetallic hydrides MzM'Hs (M=Mg. Ca, Sr, M'= Fe, Ru, Os). Mosi of lhese hydrides 
have been recently synthesized and characterized, all showing the IC~F'lCls cubic skucture. We 
have determined their energy bands and densities of eleckonic states by means of the non-self- 
consisten1 augmented-plane-wave (APW) method. The resulls show that the Nne hydrides are 
semiconductors wilh relatively large energy gaps, These isoskuctural and isoeleckonic families 
of hydrides have been shidied in order to establish correlations behveen lhe ordering of the 
electronic states and the energy gaps in terms of differences in metal-hydrogen distances and 
atomic energy levels We observe that the splining between the bonding and anlibonding M' 
orbitals is responsible for ule increase of lhe energy gap as lhe alomic number of M' increases. 
Nevertheless. the presence of d smes hum the divalent metals Ca and ST modifies lhe nature of 
the unoccupied conduction states abave the energy gap. In general. a reduction of lhe energy 
gap is obtained in the Ca- and Srderived hydrides. 

1. Introduction 

The hydrides of general formula MzM'H, involving divalent metals M, a transition metal M' 
(from families 8-10) and with hydrogen stoichiometry ranging from four to six crystallize 
in the fluorite (Fm3m) structure, also known as the KzPtCb-like structure. The first 
intermetallic hydrides of this type. were synthesized by Reilly and Wiswall (1968) and 
Moyer and co-wokers (1971). The system MgZNib has been extensively studied due to 
its reversible hydrogen absorption properties and to its potential technological applications. 
Excepting MgzNib, the hydrides M*M'& (M=Mg, Ca. Sr, M'= Fe, Ru, Os) are all obtained 
by syntering the metallic powders at moderate temperatures (460-5500 "C) under a high- 
pressure hydrogen atmosphere (70-130 bar) for several days (Huang eta1 1991). In all these 
cases, the parent intermetallic compounds do not exist, so direct hydriding is impossible. 

While the metallic framework forms a fluorite structure, the localization of the hydrogen 
(deuterium) atoms in the structure has been the subject of speculation. Recently, reliable 
neutron diffraction data established that the H atoms form an octahedral cage around the 
transition metal. The H atoms are localized close to (i, 0.0) positions. This is particulary 
bue for the MzM'H6 hydrides (deuterides) (Huang el al 1991m. Didisheim etal 1984). For 
the MzM'H5 hydrides (MI= CO, Rh and Ir) a square pyramidal arrangement was determined 
(Zoiliker etal 1985, Zhuang etal 1981). The case of MgZNib was more difficult to resolve 
owing to several possible geometries: square planar or tetrahedral in the low-temperature 
phase. 

Regarding the hydrides of formula MzM'H6 (M=Mg, Ca. Sr, M'= Fe, Ru, Os), a 
systematic study conceming the synthesis and structural properties was recently published 
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(Huang et al 1991, Kritikos et al 1990). Among these hydrides, only three have been 
the subject of property characterization MgZFeb (Didisheim et al 1984). CazRd& and 
SrzRUH6 (Moyer et ut 1971). In fact, reliable magnetic, elecrric and spectroscopic 
measurements are difficult to perform in these materials. Impurities are frequently present 
and the hydrides are obtained in powder form (while the former is the result of the synthesis 
conditions, the latter is inherent to these brittle materials). 

Electric conductivity measurements (at m m  temperature) in compressed powder 
hydrides exist for CazRuH6 and SrzRuH6. These materials show poor electrical conductivity 
(- lO-’-lO-* S2-I  cm-’). It seems that these materials are in general non-conducting. 

Magnetic susceptibility measurements have been interpreted in terms of an Fe dp,i 
diamagnetic low-spin complex [Fe(II)&]‘- in MgzFe&. This conclusion is supported 
by Mossbauer, IR and Raman spectroscopies (Didisheim et a1 1984). Nevertheless the weak 
paramagnetism observed could originate from the presence of free Fe in the samples as 
argued by the authors. The same kinds of argument have been put forward to interpret 
magnetic data of Ca,Ru& and Sr2Rd& hydrides which show also a weak paramagnetic 
(CazRuH6 and other M2M’Hs hydrides) or diamagnetic (SrZRub) behavior (Moyer et 01 
1971). 

Due to the large M‘-M’ distances in these intermetallic hydrides compared to those 
in the M’ elemental solid and the short MI-H distances, a large ligand field splitting 
is expected. A common feature of the electronic structure of MgzNih, MgZCoHS and 
MgzFeHs is the presence of a splitting between the bonding and antibonding M’ states 
(Gupta and Schlapbach 1988). The main features of the electronic structure of MgzFe& 
will be summarized prior to presenting our results in the corresponding section. We only 
point out here that the electronic structure of Mg*Ni&, MgZCoHS and MgzFeb show 
stabilization of the hydrogen bonding as the number of d electrons increases as well as the 
presence of a narrow M’ dIU band separated by a gap from the low-lying energy bands in 
the case of Fe- and Co-derived hydrides (Gupta 1984, Gupta er a1 1984, Belin ef ol 1987. 
Orgaz and Gupta 1987). 

Electron spectroscopies are in good agreement with theory. The calculations reproduce 
reasonably well the general characteristics of the occupied states as deduced by x-ray 
emission spectroscopy of the Ni La. CO La and Mg KB (Gupta et a1 1984, Belin et 
a1 1987). The experimental studies of x-ray absorption of Mg K and self-absorption of the 
CO La in the MgzCoH5 hydride confirm the presence of empty antibonding M’ d states 
above the Fermi level. 

In the light of the newly synthesized and structurally characterized hydrides belonging 
to the MzM’& family (Huang et al 1991, Kritikos et a1 1990), we have calculated, from 
first principles, the electronic band structure and density of electronic states of the MzM‘H6 
hydrides (M=Mg, Ca, Sr, M’= Fe, Ru, Os). Next. we discuss the trends in the values 
of the energy gaps and the ordering of the states in the series of compounds in terms of 
differences in crystallographic data and atomic energy levels. A preliminary account of this 
research was presented at the International Symposium on Metal-Hydrogen Systems (Orgaz 
and Gupta 1993). 

E Orgaz and M Gupfa 

2. Methodology 

The electronic properties of the intermetallic hydrides M,M’& have been studied by means 
of the augmented-plane-wave (APW) method (Mattheiss et al 1968) in its non-self-consistent 
version using the Xa-Slater method (Slater 1951) (a = 1) for the exchange term of the 
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potential. It is our experience, from previous investigations of several hydrides, that our 
results are very similar to those of self-consistent calculations performed with the von Barth- 
Hedin (1972) exchange potential in the local density approximation. Due to the short M'-H 
distance, the muffin-tin (MT) spheres leave more than 50% of the unit cell volume as an 
interstitial region. The departure of the potential outside the MT spheres from a constant 
value was taken into account (warped MT correction). 

The energy eigenvalues and wave functions have been calculated ab initio at 89 points 
in the irreducible wedge of the Brillouin zone (IBZ) of the FCC structure. The base expansion 
of the APWS has been selected for each system in order to guarantee the convergence of the 
eigenvalues within 1 mRyd or less. The density of states (DOS) has been calculated by the 
linear energy tetrahedron method (Lehmann and Taut 1972) using 6048 tetrahedra in the 
IBz. The ab initio energy bands were expanded into a set of 50 symmetrized plane waves 
giving a maximum RMS error of 2 mRyd. In table 1 we show the crystal parameters used 
in these calculations. 

Table 1. Svucrural parameters (in A) for MzM'H6. 

d(M-M') 2 7843 
d(M-HI I2:2739 

d ( M - H j  1.2.5901 
d(M'-H) 1.7012 
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Ru w 
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3.1333 
2.5596 
1.7280 
378.S9 

3.3022 
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imF 
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2 llilla of C a , ~ ? M ~ , a s O s U ~  
a (Didisheim 10841 
b [Huang 19911 
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d (Lindsay 19S91 
e [Moyer 19711 

3. Results and Discussion 

The electronic structure of the nine intermetallic hydrides is displayed in figures 1, 2 and 
3. The energy bands along the high symmetry directions of the FCC Brillouin zone and the 
partial wave analysis of the DOS at each atomic site are shown for selected hydrides. The 
total DOSS for the nine hydrides are plotted in figure 2. The low-energy structure (below 
the Fermi energy) contains 18 electrons corresponding to nine filled bands per unit cell. 
In table 2 we report the band widths and energy gaps for the nine calculated hydrides. 
From a quick inspection of the energy bands (figure 1) and total DOSS of these hydrides 
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Table 2. Band widths and energy gaps (in ev). q represents the band width of each suuctiue 
in the DOS plol in increasing e n q y  order, At is Lhe infermediale energy gap between these 
smcium and. Ag is thc energy gap betvie.cn the valence and conduction band. 

3.51 

(figure 2) some general features can be drawn. As indicated in section 1, we found these 
nine compounds to be semiconductors with relatively large energy gaps (see table 2). 

The important role played by the M'Hs octahedral complex in determining the electronic 
properties of these intermetallic hydrides has been pointed out in section 1 (Gupta 1984, 
Orgaz and Gupta 1987. Gupta and Schlapbach 1988). The direct interactions between the 
octahedral M'& cages are rather weak due to the large distances between them. These 
interactions are mediated via the cubic may  formed by the divalent element. 

As an example, we summarize the mults of the band structure calculation of MgzFeb. 
In figures l(a), 2(a) and 3(a) we show the energy bands, total DOS and partial wave analysis 
of the DOS for Mg2FeHs. In increasing order of energy at the Brillouin zone centre r 
point, we observe (figure 4(a) and table 3). (i) the r, state corresponding to an Mg s/Fe s 
hybridized state lowered in energy by H s interactions, (ii) a doubly degenerate Flz state 
resulting from the bonding interaction between the Fe d., and H s states (the lobes of these 
d states point towards the hydrogen sites), and (iii) a triply degenerate H s state hybridized 
with the Fe p states. These six low-energy bands are separated from the next three occupied 
bands formed by the almost pure Fe &ss states which do not interact with the H atoms. The 
total Dos (figure Z(a)) and their partial wave analysis around each atomic site show a low- 
energy structure due to the Fe-H and H-H interactions and a weak Mg s and p hybridization. 
The band width of this structure, 01. is7.23 eV. A second narrow structure (a2 = 1.25 eV) 
in the DOS of the occupied states corresponds to the Fe 4, bands. The nine low-energy 
bands are filled by 18 electrons. The occupied non-bonding Fe d,, states are separated by 
an indirect energy gap (A, = 1.74 eV) between r and X from the empty antibonding Fe 

In order to understand the role of the H atoms in the electronic properties of these 
&JH s states. 
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a Energy Bands of Mg,FeH, 

0.8 

0.6 

x 
M 
L 
8 0.2 
ir! 

0 

-0.2 
r X W L r K X  U 

b Energy Bands of Ca,FeH, 

0.8 

0.6 

- 
&? 0.4 
I 

h 
M 
i 

8 0.2 
w 

0 

-0.2 
r X w L r K X  U 

Figure 1. Energy-band diwms of (a) MglFeH6. @) CazFeHs. (c) SrrFeHs, (d) Ca2RuH.5 and 
(e) CazOsH6. 
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Figure 1. (Continued) 

intermetallic hydrides, we calculated the energy eigenvalues at the r point of MgzFeHo 
and CaZFeb. These calculations were performed by using the MT potential of the hydride 
but without considering the H atoms in the secular equation elements. We also calculated 
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Figure 2. Total ws (states Ryd-'/unit cell) of (a) MgsFeHs. (b) MgzRuHs. (e) Mgs0s&. (d) 
CazFeHa. (e) Ca2RuH6. (0 CazOsHa. (9) Sr2FeHa. 01) SnRuHa and (i) SnOsH6. 
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Figure 2. (Continued) 

number of M' increases, is due to the larger delocalization of the 5d compared to 4d and 3d 
orbitals which overcomes the effect of the concomitant increase in the M'-H distances, the 
latter adversely affects the orbital overlap and covalent bonding strength. Since the splitting 
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f 25 
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0 

between the occupied M’ dq and M’ d., states remains essentially constant in the series 
while the antibonding empty M’ GS states are destabilized, the overall effect in the W s  
(figure 2(a-c)) is to produce a larger energy gap Ag in going from Fe (A, = 1.74 eV) to 
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Ru (A, = 3.51 eV) and Os (A8 = 4.01 eV) (see table 2). 
In this series, the stabilization of the M’ dt2g manifold and the slight energy increase in 

the pure H s states at r (see figure 5(a)) results in a merging of the two structures which 
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Figure 2. (Continued) 

produce a sole large complex structure of width in MgzRuH6 and MgZOs& as shown 
in table 2 and figure 2(b, c). 

The series containing the same transition metal (M'=Fe) but Mg, Ca or Sr as divalent 
metal shows a different behaviour. In figures I(a-c), 2(a, d, g) and 3(a-c) we show the 
energy bands, total DOS and the partial wave analysis of the DOS at each atomic site for 
thcse hydrides. In tables 3 and 4. we show the wave function analysis at the r and X points 
at the different atomic sites for the first 12 bands, for Mg*Fe& and CazFeHa, respectively. 
Note that the cell volume and the M'-H distance increase with the atomic number of M. 
In the M2FeH6 series the position of the rl H s / M  s/Fe s state increases in energy relative 
to the bottom of the transition metal d states. This is due to the decrease in the transition 
metal s electrons compression accompanying the lattice expansion. In contrast to the Mg 
series, the tZg states remain at essentially the same energy since these states are non bonding 
and the transition metal (Fe) is unchanged. The splitting between the bonding Fe &,/H s 
and the Fe d,, states increases slightly in this series from Mg to Ca and Sr in spite of the 
increase in the Fe-H distances due to the additional although weak bonding component with 
the Ca(Sr) d states. 

The triply degenerate H s states now show some hybridization with the Ca(Sr) d orbitals 
and are lowered in energy. This leads to a different ordering of the bonding states at r in 
the compound SrzFe&. This can be clearly seen in the energy bands and DOS plots. A 
complex structure (y) involving the Fe a and the H s states slightly hybridized with Ca(Sr) 
d states is well separated from the low-energy metals/H s structure and from the narrow Fe 
d,, structure. An important feature is the presence, at the bottom of the conduction band, of 
new Ca(Sr) d/Fe d antibonding states which are responsible for the reduction of the energy 
gap, as was previously mentioned (see table 2). The divalent metal d component at the 
bottom of the conduction band is particularly important in the case of C a  

In the CazM'H6 series we observe the effect of M' (Fe, Ru, Os) when Ca d states are 
present. In figure I(b, d, e), 2(d-f) and 3(b, d, e) we show the energy bands, total ws 
and the partial wave analysis of the DOS for the Ca-derived hydrides. In figure 5(c) the 
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Figure 3. Partial wave analysis of h e  ws (states Ryd-'/unit cell) for each " i c  site of (a) 
MgzFeHs, (b) &Feb. (c) srzFeH6. (d) Ca2RuH6 and (e) &OsH6. 
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energy eigenvalues are plotted at the F point. The wave function analysis is summarized 
in tables 4, 5 and 6. Again, the increase of the energy gap (now between the filled M’ 
d,, and empty M’ d/Ca d states) is mainly due to the increase in the atomic charge of M‘ 
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while the M' d/Ca d states remain at essentially the same energy. In this series, the complex 
structure 02, M' Q/H s splits from the Ca d/H s states in the Ca2Rub and CazOs& cases, 
as appears clearly in the DOS plot (figure 2(d-f)). The states merge with the metals/H s 
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low-energy band as the atomic number of M' increases. 
The low-energy metals/H s band merges with the bonding M' Q/H s states for M' = Ru 

and Os. This is essentially due to the decrease in the compression of the metal s electrons 
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with the lattice expansion when the atomic charge of M’ increases. In the series SrZM’H6 
(M‘ = Fe, Ru, Os) the ordering of the electronic states can be discussed directly from the 
Dos plots (figure 2(g-i)). In SrZFeb, the complex structure of width y, which is composed 
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Table 3. Wave function analysis for MgZFeHs at lhe r and X poinu for the first 12 bands. 
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Bands I Degeneracy 1 E (Ry) I Fe s 1 Fe p I Fed I Mg s I M g  p I H s 
1 1  1 1 -.201 I .06 1 .OO I .OO 1 . I2  1 .OO I .22 

2.3 I 2 I ,244 I .OO I .OO I .38 I .OO I .OO I .27 
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Figure 5. Correlation between the energy gap Ag (ev) and the unit cell volume (A3). 

of M' &,/€I s and H s states slightly hybridized with SI d states, splits in the late members 
of the series (M' = Ru, Os). For SrZRub and SrzOsH6, the low-energy band merges with 
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Table 4. Wave funclion analysis for CazFe& af the r and X points for the fim 12 bands. 

2 
3 
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Bands I Degeneracy I E (Ry) 1 Fes I Fep 1 Fed I C a s  I C a p  I C a d  1 1 3 s  
1 I .ns? I ~ 1 n  I m I .on I .nn I m I .n? I .25 

~~ ~~ ~~ 

1 -.004 .08 .OO .07 .OO .02 .05 .21 
1 ,024 .OO .OO .42 .OO .OO .OD .19 
1 ,099 .OO .04 .OO .08 .OO .03 .21 
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Table 5. Wave function analysis for CazRuHs at Ihe r and X points for the hnt 12 bands. 

Bands I Dcgencracy I E (Ry) I Ru s I Ru p I Ku d I Ca s I C a p  1 Ca d I I1 s 
1 1 . 127 1 07 1 nn I no I .m I .nn I .no I . ig  

Uands I Dcgencracy 1 II (Ry) 1 l?u s 1 R u  p I Ilu d I Ca Y I C a p  I Ca d [ I1 I 
1 1  1 I .nsn I n i  I on I .24 I .on I .03 I .OD I 20 

the two M’ &,/H s bonding bands. Similar behaviour is observed in the CazM’Hs series 
for M’ = Ru and Os. The energy gap As increases as the atomic number of M‘ increases, 
as in the case of the Ca series, due to the presence of the almost constant energy M‘ d/Sr 
d states above the Fermi level and the stabilization of the M’ dt,, states. 

In all the compounds considered the energy gap is indirect It appears between the top 
of the T-X direction and the bottom of the conduction band at X. In figure 5 we show the 
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Table 6. Wave function analysis for CalOsHs at the r and X points for the first 12 bands. 
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values of the energy gap as a function of the unit cell volume. We observe an increase of 
A$ in the MgzM’H6 series. On the other hand, the decrease of Ag in the M z F e b  series 
is due to the presence of additional Ca d/Fe d states at the bottom of the conduction band. 
Experimental determinations of the energy gap are not yet available in the literature. As an 
indication, the colours of these materials are in agreement with the calculated Ag values. 
MgzFeH6 is dark green while MgzRuH6 is light green and MgzOsH6 is almost white. 

It is well known that the absolute values of energy gaps obtained within the local-density 
approach are not reliable. However, since in the present work we are mostly interested in 
discussing trends in the variation of energy gaps in a series of similar compounds, we do 
not expect our main conclusions to be affected. 

4. Conclusions 

We have calculated the band structure, Dos and partial wave analysis of the MzM‘H6 
intermetallic hydrides by means of the APW method. These hydrides appear to be 
semiconductors with an indirect energy gap. We found that the increase of the energy gap 
in the Mg series is mainly due to the splitting between the M’ bonding and antibonding 
states, which results from the increase of the atomic number of the transition metal. 

In the Ca and Sr series, new states are induced by the Ca d (or Sr d) orbitals which 
modify the nature of the energy gap. The presence of these new M’ d/Ca d (or M’ d/Sr d) 
states above the Fermi energy reduces the the value of the energy gap. These states could 
be observed by x-ray absorption spectroscopy by measuring the electronic transition Ca (or 
SO 41. 
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