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Abstract

In this paper, we present the results of ab-initio band structure calculations based on the local approximation of the density functional
theory for several hydrogen absorbing A& mpounds YNj, LaNis, LaCu, and some substituted compounds such as JsMj s, LaNijAl,
LaNisCu, LaNiy5Siys, LaNiysGeys, and LaNj sSnys. The calculated bulk moduli obtained by total energy minimizations are in satisfactory
agreement with available experimental data. These results are used, in conjunction with electronic features such as band filling and Fermi
energy characteristics, to discuss the relationship between compressibilities, electronic structure and H-absorption properties in Haucke
compounds.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction the maximum hydrogen absorption capa¢ity?]. Empirical
correlations have been established between the value of the
Since in Haucke AB compounds as well as in most plateau pressure of the isotherms,,, and (i) the unit cell
H-absorbing transition metals and intermetallic compounds volume[3,4] and (ii) the compressibility of the lattice esti-
(IMC), the hydrogen absorption is accompanied by a large mated from measurements of the Debye temper&B.i5e6].
volume increase, the compressibility of the matrix is expected These experimental results indicate that the plateau pres-
to play an important role. The elastic energy spent in the sure of the isothermspn,, decreases with increasing unit
lattice expansion and the energy gained from the chemicalcell volume of the IMC, and with increasing value of the
metal-hydrogen interaction are indeed the antagonist keycompressibility. However, considering the approximations on
factors that control the stability of the hydrides. While the which the estimates of the compressibility rely, these corre-
latter is of pure electronic origin, the former involves elec- lations need further investigations. In very recent years, an
tronic as well as lattice properties. Substitutions at the A increasing number of measurements by ultrasonic techniques
or B sites by elements of different sizes and (or) chemical of the elastic properties of hydrogen absorbing Laves phase
nature are expected to affect both the electronic and elas{7] as well as substituted Haucke compounds became avail-
tic properties of the IMCs and consequently their hydro- able[8,9] while theoretical calculations remain very scarse
gen absorption properties. Experimentally, substitutions have[10].
been widely used to modulate the thermodynamic properties  In this paper, we present the results of a systematic inves-
of hydrogen absorbing IMCs, and modify two parameters tigation, by means of ab-initio band structure calculations, of
crucial for the applications of these materials, namely the the electronic structure and bulk moduli of a series of Haucke
plateau pressure of the hydrogen desorption isotherms anccompounds YNj, LaNis, LaCus, and some substituted alloys
LaNis_yM, (M = Alandx = 0.5, 1.0; M = Si, Ge, Sn and
x = 0.5; M = Cu andx = 1.0). The most salient features of
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with experimental data and hydrogen absorption properties 30

of these materials.
20 -

2. Computational method 10

The electronic structure calculations have been performed 30
using the local density approximation of the density func- 3
tional theory within the linear muffin-tin orbitals method 20 -

and the atomic sphere approximatifiil]. The exchange :3: 2
and correlation term of the crystal potential was calculated < 10} 3
using the von Barth—Hedifl2] approach and the com- 2 5
bined correction terms were included to account for the 3 30 s

. .y M @
overlap of atomic spheres. The densities of states were ob- & o
tained with the linear energy tetrahedron method in a mesh  « 20} 3
of 1 mRy. 2. I @

In the hexagonal Haucke compound LgKspace group 10|

P6/mmm), the Ni atoms occupy two types of sites, the (2¢)
basal plane and the (3g) middle plane sites. In the substituted 30
compounds LaNL M, , the M elements were substituted

at the Ni (3g) sites since structural data show that for the 20}k
M elements and range afvalues under consideration, the L
substitutions occur predominantly in the (3g) rather than in 10k
the (2c) sites leading to supercells containing 12 atoms for L
x = 0.5. The effects of substitutional disorder were ignored 0

in this work. The experimental structural data used in the
present work are taken from Ref&3-20]

We used at least 450_k points in the Irredt_jCIble Brllloum Fig. 1. Total density of states (full line, left hand side scale) and number of
zone and 150 self-consistent cycles to obtain total energiesgiectrons (dashed line, right hand side scale) ofsyNaNis, LaNig sAlgs,
converged at least up to 1DRy. For each of the IMC, the  and LaNiAl. The Fermi energy is chosen as the origin of energies.
total energies were calculated for 10-15 different values of
the unit cell volume around the experimental one. The Mur-  The DOSs of LaNj_,Al; (x = 0.5 and 1.0) represented
nagham equation of state was then used to obtain the bulkin Fig. 1 show that asc increases, the contributions of the
moduli. Al-s states located betweern8 and—4 eV, and of the Al-p

states located at higher energies increase; the filling of the
Ni-d states increases and the DOSFatdecreases, in good

Energy (eV)

3. Results and discussion agreement with the experimental trend obtained by Chung
et al.[6] from electronic specific heat data. In Laldi, the
3.1. Electronic structure Fermi level falls in a deep of the DOS separating the filled

Ni-3d from the empty La-5d states suggesting that further

The occupied valence band of YN§ very similar to that increase in the substitution rate would lead to an increase of
of the isovalent compound Labli21,22] as shown in the  N(Eg), as observed experimental].
densities of states plotted lfig. 1 It is essentially composed Inthe group IV substituted compounds LgNiM, (M =
of Ni-3d states hybridized with Y-4d states and with metal Si, Ge, Snx = 0.5), in contrast to the Al substituted alloys,
s—p states. The Ni-3d bands are not entirely filled and the the M-s states form distinct structures in the DOS below
Fermi energy falls bellow the valley that sepates the bonding —8 eV, as shown ifrig. 2while the M-p states are hybridized
Ni-Y from the antibonding Y—Ni states, in a region of high with the nickel and La occupied states. The Ni substitution
density of Ni states, in agreement with low temperature elec- by these isovalent s—p elements lead to a progressive filling
tronic specific heat and magnetic susceptibility dafig. As of the Ni-d peak and to a decrease offd]. The Fermi level
previously discussed for Lall[21,22] these intermetallics  characteristics appear to be more sensitive to the substitution
cannot be considered as charge transfer compounds in agreeate than to the chemical nature of the isovalent substituting
ment with photoemission daf21]. The essential differences  elementg23].
between the DOSs of YNiand LaNi are the presence of In the Al and Sn substituted hydrides, the progressive fill-
empty 4f states in LaNiforming a narrow peak at 3eV above ing of the Ni-d bands as a function of increasing values of
Er, and a slightly smaller width of the occupied Ni states as- can be correlated to the observed decrease in the maximum
sociated to a larger unit cell volume. hydrogen absorption capacity.
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0 oS, 0 3.2. Elastic properties
-10 -8 -6 -4 2

Energy (eV) Using the calculated well converged total energies, the

Fig. 2. Total density of states (full line, left hand side scale) and number bulk moduli in GPa derived from the Mumagham equation
of electrons (dashed line, right hand side scale) of group IV substituted Of State are listed ifable 1 They are found to be in satis-
compounds LaNjsMgs (M = Si, Ge, Sn). The Fermi energy is chosen as  factory agreement with available experimental data on poly-
the origin of energies. crystalline LaN§_ M, (M =Al and 0<x <1; M= Sn

and O< x < 0.5) obtained recently with resonant ultrasound
spectroscopy and ultrasonic pulse-echo technid@&d as

well as with data on polycristalline and single crystals of
LaNis [26,27] In the substituted Haucke compounds, the
general trend observed indicates a decrease of the elastic
moduli with increasing values af

Using the Debye temperatures obtained from their low
mperature heat capacity measurements, in conjunction with

The DOSs of the compounds substituted at the Ni site
by Cu, an s element of the 3d series, are plottedrio
3. In the DOS of LaNiCu, a new structure associated to
the 3d states of Cu centered arour8.5eV appears be-
low the Fermi energy, and grows in intensity as the sub-
stitution rate increases. Concomitantly, a progressive filling te
of the Ni-d peak by the Cu-s electrons and a decrease of
N(Eg) are observed. In LayCu, the Ni-d states are not en-
tirely filled while in LaCus, the Fermi energy falls at 1.8 eV Electronic specific heat constant y (mdJ.(mol AB5)7.K2)
above the filed narrow Cu-d bands, in the La-5d states. - ‘ ‘ ’
The calculated position of the additional Cu-d subband as
well as the progressive filling of the Ni-d states and de- 20+ YNi
creasing value of Nfg) with increasing Cu content is in
agreement with photoemission d§24,25] In contrast, we
have shown that the Ni substitution by a 3d element on its
left in the periodic table such as M Mn, Fe, Co, leads to
a new M-3d structure centered above the Ni-3d peak and
to an increase of Nfg) since the Fermi energy is located
in the narrow additional M-3d subbands. The increase of
N(EE) leads to a tendency towards magnetic ordering as St @ LaNi,Al
increases.
In Fig. 4, the calculated unenhanced values of the elec- 0 : : :
. e s - . 0 10 20 30 40
tronic specific heat coefficient coefficient obtained from the experimental y
bare DOSs at the Fermi energy are plotted against the avail-
able experimental data. The general trends are found to be inkig. 4. calculated unenhanced electronic specific heat coeffigiestex-
good agreement. perimental dat45,6].

LaNi, gAl, ¢

calculated y

LaCu; o
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Table 1 in each family, the most compressible materials correspond
Calculated and measured bulk moduli (GPa) to the most stable hydrides.

B (GPa) B (GPa)
YNis 163
LaNis 149,133 139,137.4,135.2 4. Summary and conclusions
LaNisCu 139
LaCus 114 . . . .
LaNigsAlgs 137 127.8 In agreement with available electronic specific heat data,
LaNigAl 130 126.6 we find that the substitutions of Ni by s—p elements of groups
LaNis5Sios 143 [l and IV lead to a decrease of the values of the densities
LaNis sGe s 142 of states at the Fermi level, HE). For a given substituting
LaNissSros 123 129.8

element, NEF) decreases with increasing values of the sub-
stitution ratex. This decrease of M) is associated to the
the relation derived by Madelung within the Debye theory, g;%?;sssévii ftllk:I:?n(:xtirrfum-gy?jar\ggznagg;zfp?{gilfzgggt$gf
Takeshita et all.3,5] estimated the relative compressibilities the intermetallic compound. When Ni is substituted by Cu,

of several Haucke compounds. Their results provide a general i .
P P 9 an additional subband associated to the Cu-d states develops

trend rather than absolute values, they point outto anincreas . o L
of the hydride stability with a decreasing lattice rigidity. In %?IO\.N the N."d structure 9f the DOS, |ts.|nten3|ty Increases
with increasing values af, in agreement with photoemission

the present calculation, the mostrigid of the IMC investigated . e
P g 9 data. As in the case of substitutions by s—p elements, the s

is YNis, in agreement with Takeshita et {8,5]. . Lo .
We find that when Ni is substituted by a given s or s—p Sf:;;onasn(g fr:]u gotgtgbg;i:Z;,Erpr%@ss%\fsﬂgg?aof;hf g"d
element, the rigidity of the lattice decreases when the sub- ! u egd i viour
very different from the results obtained in our previous work

stitution rate,x, increases. This result is in agreement with b bstitutions of Ni by transition elements located on it
the trend observed from ultrasonic measurements on the AlPY, SUPSHUtions o y transition elements located on 1ts
left of the periodic table (Mn, Fe, Co).

and Sn substituted alloy8,9]. Since the substitutions con- The calculated bulk moduli are found to be in satisfac-

sidered in our work lead to a lattice expansion, the calculatedtor aareement with the available experimental data. We find
decrease of the bulk moduli is also associated to lattice ex-.oY 29 - P . L
pansion effects. YNis to bg the most .rlgld of the.IMCs under investigation. In
In Fig. 5 we plotted the experimental values of the each faml_ly_of substituted Labli,M, compoundsf, we show
. that the rigidity decreases when the substitution rate by a
isotherms plateau pressurgs, , versus the calculated values . ", ) . .
dilating element increases, a result in agreement with the ex-

of the bulk moduli. From this plot, a correlation can be es- erimentallv observed trends. Using experimental values of

tablihed between the stability of the hydrides and the rigidity P<" y v - Using expenmental valu

of the material. YN§ is by far the least compressible mate- the plateau pressures of the hydrogen desorptlon isotherms,

rial and has the highest plateau pressure. For each family ofPHz: WE havg ggtabhhed a systematic correlation between the

substituted compounds, the straight linedrig. 5 are just calculated r|g|d_|ty of the ICMs and the vglue_zsmiz, thatare

guide lines to the eye indicating the general trend betweenOf paramount _|mportance for t_he appllca'_uons of hydrogen
storage materials. In each family of substituted compounds,

the stability of the hydride, associated to a decreagsof . )
and the bulk modulus of the IMGEig. 5 shows clearly that the most compressible ICMs lead to the most stable hydrides.

a Ref.[10]. P Ref.[26]. © Ref.[8]. ¢ Ref.[9].
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