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We have investigated the effect of hydrogen on the electronic strtucture of the RNiy;Mg (R=Y, La, Ce, Pr,
and Nd) intermetallics. By means of a two-step approach, the projected plane-wave and linearized plane-waves
methods, we studied the hydrogen-insertion energetics on the intermetallic matrix and the H-vacancy formation
in the hydride compound. We found that particular interstitial sites in the intermetallics are suitable to allocate
hydrogen and form a solid solution. The effect of these interstitials on the electronic structure is discussed. In
the other hand, the hydrogen-occupied sites in the hydride are found to be energetically equivalent.
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I. INTRODUCTION

Hydrogen in intermetallic compounds has retained an
enormous interest in the last decades owing to their use in
hydrogen storage and batteries as well as other potential ap-
plications. The RNi;Mg (R=Y, La, Ce, Pr, and Nd) interme-
tallic series belong to the SnMgCu, (AuBe,-type) structure.

This kind of solids exhibits a F43m space group, closely
related to the Laves C15 structure. This family of interme-
tallic compounds interacts with hydrogen and forms highly
stoichiometric hydrides having moderate equilibrium hydro-
gen partial pressures at room temperature making them suit-
able for hydrogen storage. Besides this potential ability to
match application requirements, the hydrogen behavior in
the low as well as high H content regime is of a fundamental
interest since these compounds exhibit (1) anisotropic lattice
modifications and (2) a phase transformation as the H con-
tent increases. The hydriding properties of these compounds
have been shown by Aono et al.! in the YNi,Mg system.
Kadir et al.? investigated systematically the structural prop-
erties of ANiy;Mg (A=Ca, La, Ce, Pr, Nd, and Y). They con-
cluded that all the listed compounds crystallize in the above
mentioned structure exhibiting intermetallic distances consis-
tent with a metallic bonding. Hanada et al.’ call the attention
to the hydriding properties of the Ca and Y compounds. They
state that while the YNi;Mg does not exhibit substitutional
disorder, the CaNiyMg does. The substitutional disorder
seems to improve the maximum-hydrogen stoichiometry of
the resulting hydrides. Guénée et al.* have successfully syn-
thesized the NdNisMg intermetallic compound and the cor-
responding hydride. They rise up the question of possible
phase segregation during the alloy preparation, in particular,
for LaNiyMg. However, they precisely determine the site oc-
cupancy for hydrogen in the NdNiyMgH; ¢ which belongs to
the orthorhombic Pmn2, space group. Wang et al.® claim a
single-phase preparation of the full series RNi;Mg (R=La,
Ce, Pr, Nd, and Y) by considering an excess of 5% of Mg
over the stoichiometric starting metal blend. This is ex-
plained by the high volatility (low meting point) of Mg re-
spect to the other metals in the formula. However, the pos-
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sibility of segregation still remains open to investigation. In a
recent research, Roquefere et al.%’ found that the CeNisMg
intermetallic decomposes under hydrogenation producing the
more stable CeH, 5 hydride.

We investigated the electronic properties of these com-
pounds in order to provide a better understanding of the
H-host interaction. In addition, we compute the energy asso-
ciated to hydrogen insertion in the hydrogen-free intermetal-
lic as well as the hydrogen withdraw from the hydride. In the
following section we summarize the methodological choices
then we describe our findings in the different H-content re-
gions and finally we summarize our results and conclusions.

II. METHODOLOGY

The electronic structure of the four intermetallic com-
pounds under investigation has been computed using a two-
step approach. First, a full geometry optimization using a
pseudopotential scheme and then carrying out an all-electron
linear-augmented plane-waves (LAPW) computation of the
energy bands and density of states. This is a successful ap-
proach that has been already employed in our most recent
work in this area.}~' Geometry optimizations of the crystal
structures were obtained by means of the projected-
augmented plane-wave method (PAW).!! We employed PAW
pseudopoptentials and the generalized gradient approxima-
tion (GGA) to the exchange and correlation potential.'”> In
the case of Ce and Nd compounds, we introduced a GGA
+U correction'>!> for the rare-earth 4f electrons fixing
U,=U-J=5 eV. All the crystal structures were converged
to local forces below 1072 eV/A. Energy bands have been
computed on a set of special k-points within the Brillouin
zone. The sampling has been done by the Monkhorst-Pack!'®
technique selecting up to a 3 X3 X2 grid for the intermetal-
lics and hydrides and 1 X1 X1 grid for the large supercells
(I'-point computation). To compute the H-energy site, we
construct supercells and insert/remove an H atom from the
structure of the intermetallic/hydride. Details of these com-
putations will be described in the following section. Ab initio
calculations of the electronic structure of the intermetallic
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TABLE 1. Structural details of RNiy;Mg (R=Y, La, Ce, and Nd)
intermetallics. Lattice parameters (in A); Experimental A,y taken
from Wang et al. (Ref. 5) computed ap,y, Aa, and relative error.

Aa
aexp apaw (%)
Y 7.0104 7.0077 -0.04
La 7.1559 7.1428 -0.18
Ce 7.0040 7.0344 0.43
Nd 7.0836 7.1428 -0.04
compounds R,MgNi, and the corresponding hydrides

RNi;MgH, (R=Y, La, Ce, and Nd) were carried out by
means of the all-electron full potential LAPW method.!” The
muffin-tin radii were set to 2.20, 1.80, 2.0, and 1.0 a.u. for
the R, Ni, Mg, and H atoms, respectively. The RK,,,, param-
eter, which controls the plane-wave expansion, was selected
in order to obtain converged eigenvalues up to 107 eV,
(RK,,,x=7). The sampling of the irreducible wedge of Bril-
louin zone included up to 120 k points for intermetallics and
hydrides and this has been reduced to around 40 k points for
large supercells. We employed the GGA to the exchange and
correlation density functional.!? Self-interaction corrections
were introduced in the compounds containing Ce and Nd. As
in the PAW computations U, was set to 5 eV. Total density
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of states (DOS) and partial density of states (PDOS) were
computed by tetrahedra integration of the energy bands ob-
tained with the LAPW method.

II1. RESULTS AND DISCUSSION
A. Intermetallic compounds

The intermetallic compounds RNi;Mg (R=Y, La, Ce, and

Nd) belongs to the face-centered-cubic F43m space group of
the MgCu,Sn-type structure. Aside the well-determined
structure it is important to mention that these compounds
exhibit different degrees of substitutional disorder as it has
been indicated in the Introduction. Nevertheless, we have
approximated the real structure of these compounds to the
fully ordered crystals. We come back to this substitutional
disorder below. The PAW-computed lattice parameters as
well as the symmetry unconstrained coordinates of the atoms
in the unit cell exhibit an excellent agreement with those
found experimentally. In Table I we summarize these results
as a consistency test for our methodology. LAPW computa-
tions confirm the metallic character of these intermetallics.
The total DOS plots for these compounds are sketched in
Fig. 1, where the position of the 4f states are indicated when
applies. The DOS exhibits essentially the same structure for
the diamagnetic cases R=Y and La. It stands up the La-4f
states appearing 3.5 eV above the Fermi energy. Y(La)-
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FIG. 1. Total density of states (states/eV cell) for RNi;Mg (a) R=Y, (b) R=La, (c) R=Ce, and (d) R=Nd. The position of the 4f bands
are indicated when applies. The energy origin is set to the Fermi level.
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TABLE II. Identified interstitial sites in the RNi;Mg intermetal-
lics. Site in the Wyckoff notation, position (in relative coordinates),
radius (in A) of the interstitial site, local coordination, and metal-
hydrogen distances (in A) duni/ dumg-

Wyckoff sites ~ Position ~ Radius  Coordination  dyi/ dimg
4b Sax 038 Ni, 1.63
4d Sax 042 Ni, 1.67
16e 0.387,x,x 033 Ni;Mg 1.69/2.11

derived intermetallic shows a DOS at Fermi level of 4.47
(5.73) states/eV cell, where the most important contribution
arises from the Ni-d states.

The Ce and Nd cases obviously exhibit differences owing
to the nature of the rare earth. In the Ce-based compound, we
found a small DOS at the Fermi energy (0.13 states/eV cell)
and a zero magnetic moment for the compound. The Ni-d
band is completely filled indicating a d'° configuration. The
Ce-4f band is empty and appears at 0.85 eV above the Fermi
level. We found this compound no magnetic. Geibel et al.'®
claim that CeNiyMg seems to be an intermediate-valence
compound. Their magnetic-susceptibility measurements on
this compound do not follow the Curie-Weiss law and is
similar to other Ce-based compounds exhibiting a probable
heavy-fermion behavior. In the Nd case we found a DOS at
the Fermi energy (40.6/34.3 states/eV spin cell) similar to
that computed for the Y and La compounds. The Ni-d band is
almost filled being the major contribution at the Fermi en-
ergy. In this compound we observe a contribution of the
Nd-4f states appearing in the valence band around 3 eV be-
low the Fermi energy. The remaining unoccupied states
spread in the conduction band, centered at 2 and 3.5 eV. The
magnetic moment attain 2.9up and is localized in the Nd
atom. This computed value is comparable with that obtained
for the Nd*? free cation and the magnetic moment on Nd in
the NdAl, Laves-phase compound'® being 3.22up. It is in-
teresting to note that we didn’t observe any spin polarization
in the Ni atoms.

It is interesting to note that the Ce and Pr compounds
exhibit small volume cells respect to the other lanthanides.
These anomalies could indicate a high oxidation state (small
cation size) for these elements in RNi;Mg. The computation
of the formation enthalpy for the intermetallic compounds
clearly indicates the lower stability of the Ce compound re-
spect to the other considered compounds. We found —230.84,
—187.94, =51.45, and —193.24 kJ/mol for R=Y, La, Ce, and
Nd in RNizsMg, respectively.

We have carried out geometry optimizations (PAW ap-
proach) for some disordered RNi;Mg (R=Y, La, and Nd)
systems. For these compounds this substitutional disorder
has been characterized or at least mentioned in literature.
We considered a single Mg-Ni;,?® exchange in cells having
the R,;Ni;(Mg, and R3,Ni;,gMg3, stoichiometries. The en-
ergy difference between a single La-Ni exchange and the
fully ordered system indicates that the substitutional disorder
is not energetically favored. For the small cell (large ex-
change ratio) the obtained energy difference ranges from
0.34 to 0.36 eV/RNiyMg while in the small exchange ratio
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FIG. 2. (Color online) Partial density of states (states/eV atom)
at the hydrogen occupied interstitial site in [YNi;Mg],H (n=32)
system. The hydrogen position is identified by the Wyckoft symbol
in accordance to Table II. The energy origin is set to the Fermi
level.

(large cell) this energy difference remains positive and
is also similar for the three compounds being
0.05 eV/RNiy;Mg. This low-exchange concentration seems
to be the general case. For NdNi,Mg, Guénée et al.* found
after Rietveld refinement of their accurate synchrotron
powder-diffraction data that the exchange between Mg and
Ni is just 0.088 atoms/NdNiyMg. Our computations, for the
small exchange concentration case, corresponds to
0.031 atoms/NdNizMg. Since both figures are of the same
order of magnitude, we can assert that our positive-energy
estimate for substitutional exchange can only be compen-
sated by the configurational entropy term.

B. The energetics of hydrogen insertion

In such kind of crystals it is possible to identify interstitial
sites suitable to hydrogen insertion. We identified three of
them having sizes close to the Westlake criteria,”! (radius of
the site larger than 0.4 A). The identified interstitial sites are
summarized in Table II. It is interesting to note that the full
occupancy of these sites implies an overall H stoichiometry
of 6 H/RNiyMg which is larger than the experimentally
found maximal H content capacity for these compounds. A
detailed look of the site-site distances indicates that the 4b
and 16e exhibit distances shorter than 2.1 10\, the H-H dis-
tance limit criteria established by Westlake.?! This means
that these sites should exhibit mutual blocking, regardless the
energetic stabilization that a single H atom should exhibit
when occupy a particular site. This effect also has a contri-
bution in the early stage of the hydride formation—solid
solution phase—diminishing the configurational entropy
which strongly contributes to the solid solution-formation
free energy.”>>> The minimal H-H distance criteria is com-
monly followed by the majority of the intermetallic hydrides.
It is important to note that the geometrical considerations
developed by Westlake has been carried out in highly sym-
metric crystals. In recent years it has been shown
experimentally?® and investigated theoretically?’-?® that the
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FIG. 3. (Color online) Total density of states (states/eV cell) and site-projected density of states (states/eV atom) for YNizMgH,. (a) Total
DOS, (b) partial DOS for Y-s and Y-p contributions. (c) Partial DOS for Mg atom, (d) Ni atom (s and p contributions), (¢) Ni-d contribution,
and (f) hydrogen sites (H;, H,, and H3). The energy origin is set to the Fermi level.

violation of the minimal H-H distance criteria occurs in hy-
drides having low-symmetry and low-coordinated hydrogen
sites. This family of rare-earth hydrides exhibits short Ni-H
distances indicating strong interactions and the H atoms
show a sizeable density-charge polarization due to the low
symmetry and local coordination. In the present case, H oc-
cupy sites in the RNiyMg hydrides as indicated in Table II.
These sites show high symmetry and coordination which
prevent too short H-metal distances.

Thus, we investigated the energetic aspects of the hydro-
gen insertion in these systems as well as the details of the
electronic-structure modifications in the early stages of hy-
drogenation. In order to compute the H-insertion energy (ep)
in these compounds, we took as examples the cases of H in
the above mentioned interstitial sites of YNiy;Mg and
LaNiysMg systems. The H-insertion energy corresponds to the
general reaction [RNiyMg],+H—[RNi;Mg],H where n is
set by the size of the considered supercell. In these compu-
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tation we used a 2 X2 X2 supercell, making n=32. This
choice makes large enough H-H distances in order to com-
pute the single H-insertion situation. After a full-geometry
optimization of the corresponding supercells (PAW ap-
proach) we proceeded to compute the all-electron electronic
structure (LAPW approach). In Fig. 2 we show the partial
DOS at the H site for the occupation of the three interstitials
found sites in YNiyMg. The results obtained for La com-
pound are similar. It is interesting to note that the nickel-
hydrogen distance (Table IT) correlates well with the position
of the peak of the H-site DOS.

These results are consistent with the obtained ey being
—-0.13, —0.61, and —0.55 eV/H for the Hy;,, Hyy, and Hyg,
hydrogen insertion. It is also interesting to note that one of
the Ni fourfold coordinated sites (4b) exhibits a stabilization
energy well above to those of the also fourfold coordinated
Niy and NizMg sites. The Hy,, site seems to exhibit too short
Ni-H distances avoiding the necessary relaxation to accom-
modate the H atom. This makes this site less energetically
favored. The energetically preferred occupancy of the 4d and
16e sites should indicate a Ni-H distance threshold. How-
ever, these sites should exhibit mutual structural blocking for
occupation.

C. Hydride compounds

The geometry optimization of the ordered full-
stoichiometric hydrides RNi;MgH, have been obtained at
PAW theory level. We found an excellent agreement with the
available experimental data; in particular, for the
NdNiyMgH, case. The all-electron electronic structures have
also been computed. The total as well as partial DOS for
YNi,MgH, are plotted in Fig. 3. The total DOS exhibits the
expected structure for a complex metal hydride. At the bot-
tom of the energy scale, it can be observed the Ni-d,s/H-s
bonding states, consistent with the partial DOS contributions
plotted in Figs. 3(d)-3(f). In particular, it is interesting to
note that the H-s states are located in the energy range of the
PDOS of diluted hydrogen in the intermetallic matrix (Fig.
2). The contributions to the DOS arising from Y and Mg are
small as expected for electron-donor elements. This general
features of the electronic structure of YNiyMgH, are also
present in the La-, Ce-, and Nd-based hydrides. The total
DOS for these compounds are plotted in Fig. 4, where we
observe the specific details owing to the position of the R-4f
band. In all the hydrides investigated, we found a metallic
behavior with a Fermi energy DOS comparable to that of the
parent intermetallic. As in the intermetallic parent com-
pounds, the main contributions to the DOS at the Fermi level
arise from the Ni-d states. The Y and La compounds are
found diamagnetic with a DOS at Fermi level of 7.64 and
7.91 states/eV cell, respectively. The Ni-d contributions are
similar for the three nonequivalent Ni atoms being close to
9.5 states/eV atom. In the Ce and Nd cases, the values of the
total DOS and Ni-d PDOS at the Fermi energy are similar to
those found for Y and La. Ce- and Nd-derived hydrides ap-
pear to be magnetic with a local magnetization of 0.94 and
2.93up per Ce and Nd, respectively. The positions of the 4f
bands are indicated in the Fig. 4. The appearance of a Ce-4f
magnetic moment in the hydride contrasts with the diamag-
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FIG. 4. Total density of states for (a) LaNiy;MgH, (in states/eV
cell), (b) CeNiyMgHy, and (c) NdNiyMgH, (in states/eV cell spin).
The position of the rare-earth 4f states are indicated. The insets
show the partial DOS for the rare-earth 4f contributions. The en-
ergy origin is set to the Fermi level.

netic behavior observed in the corresponding intermetallic.
These hydrides exhibit a reduction in symmetry exhibit-
ing a Pnm?2, orthorhombic space group. As a consequence,
the local symmetry of the H-atomic sites is lower when com-
pared to the interstitial sites identified in the intermetallic
matrix. We computed the H-vacancy-formation energy (ey)
for each of the three occupied H sites (H;-4b, H,-2a, and
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TABLE III. Structural details of the H sites in NdNizMgH,
hydrides.

H type Wyckoff sites Position Coordination
H1 4b 0.746, 0.509, 0.754 Ni,MgNd,
H2 2a 0, 0.716, 0.513 Ni,MgNd,
H3 2a 0, 0.946, 0.825 Ni;Nd

H;-2a, see Table II1,%°). The H-vacancy formation energy
was computed after the reaction [RNi;MgH,],
—[[RNiy;Mg]H,_(/],+H. The n value depends again on
the size of the supercell (n=32). We found that €y, attains the
high values 0.82, 0.73, and 0.85 eV/H for the H;-4b, H,-2a,
and H;-2a in NdNisMgH, hydride. These figures are similar
for all the RNiyMgH, hydrides. It is interesting to note that
the refinement of the neutron-powder diffraction on
Nd ;MgHs6, a slightly substoichiometric hydride, indicates
that the occupancy of the three H sites is essentially the
same: 0.92, 0.89, and 0.90 for H,, H,, and H;, respectively.
This experimental occupancy ratio indicates that the three H
sites behave in a similar way when hydrogen is withdrawn.
This is in line with our findings for the H-vacancy formation
energy cost since we obtain very similar values for the three
sites.

The computation of the formation enthalpy for the
RNiyMgH, hydrides yield —298.18, —284.38, —-94.39, and
—276.29 kJ/mol for R=Y, La, Ce, and Nd, respectively. As
we found for the intermetallic, the hydride formation en-
thalpy for the Ce compound is anomalously small compared
to the other rare earths. This is consistent with the recent
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work of Roquefere et al.®7 since CeNi;Mg decomposes into
CeH, s and other subproducts under hydrogenation. The
small hydride-formation enthalpy allows other parasitic reac-
tions to take place.

IV. CONCLUSIONS

We have investigated the electronic structure of a series of
intermetallic compounds known for their ability to absorb
hydrogen up to high concentrations and precipitate a hydride
phase. The reference intermetallics are found, as expected, of
metallic behavior. The computation of the electronic struc-
ture and energetics of hydrogen inclusion in selected inter-
stitial sites, indicates that clear differences for preferred oc-
cupation exist. We found that, besides the blocking-site effect
(geometrical effect) between the Hy,; and H,, interstitial
sites, these are energetically preferred respect to Hy,. These
results are consistent with details of the H density of states
band as well as the obtained equilibrium metal-H distances.
In the hydride phase, we have found that the experimentally
three determined H-sites exhibit similar H-vacancy energies.
This indicates that the symmetry reduction respect to the
original intermetallic favors the site relaxation, making all
the H atoms energetically equivalent.

ACKNOWLEDGMENTS

Financial support was provided by DGAPA-UNAM
under Grant No. IN100809. We want to acknowledge
DGSCA-UNAM for granting us access to their supercomput-
ing facility.

K. Aono, S. Orimo, and H. Fujii, J. Alloys Compd. 309, L1
(2000).

2K. Kadir, D. Noréus, and 1. Yamashita, J. Alloys Compd. 345,
140 (2002).

3N. Hanada, S. Orimo, and H. Fujii, J. Alloys Compd. 356-357,
429 (2003).

4L. Guénée, V. Favre-Nicolin, and K. Yvon, J. Alloys Compd.
348, 129 (2003).

57. M. Wang, Ch. Ni, H. Zhou, and Q. Yao, Mater. Charact. 59,
422 (2008).

6J.-L. Bobet, P. Lesportes, J.-G. Roquefere, B. Chevalier, K.
Asano, K. Sakaki, and E. Akiba, Int. J. Hydrogen Energy 32,
2422 (2007).

7].-G. Roquefere, S. F. Matar, J. Huot, and J.-L. Bobet, Solid
State Sci. (to be published).

8E. Orgaz and A. Aburto, J. Chem. Phys. 125, 144708 (2006).

E. Orgaz, Phys. Rev. B 76, 153105 (2007).

19E. Orgaz and A. Aburto, J. Phys. Chem. C 112, 15586 (2008).

I1G. Kresse and J. Hafner, Phys. Rev. B 47, 558 (1993); G. Kresse
and J. Furthmuller, Comput. Mater Sci. 6, 15 (1996); P. E.
Blochl, Phys. Rev. B 50, 17953 (1994); G. Kresse and D. Jou-
bert, ibid. 59, 1758 (1999).

125 P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77,
3865 (1996).

BV, L Anisimov, F. Aryasetiawan, and A. I. Liechtenstein, J.
Phys.: Condens. Matter 9, 767 (1997).

14C. Loschen, J. Carrasco, K. M. Neyman, and F. Illas, Phys. Rev.

B 75, 035115 (2007).

ISN. J. Mosey and E. A. Carter, Phys. Rev. B 76, 155123 (2007).

16H. J. Monkhorst and J. D. Pack, Phys. Rev. B 13, 5188 (1976).

7P, Blaha, K. Schwarz, G. K. H. Madsen, D. Kvasnicka, and J.
Luitz, WIEN2k, An Augmented Plane Wave + Local Orbitals
Program for Calculating Crystal Properties (Technische Univer-
sitit Wien, Austria, 2001).

18C. Geibel, U. Klinger, M. Weiden, B. Buschinger, and F. Steg-
lich, Physica B (Amsterdam) 237-238, 202 (1997).

19E. Orgaz, J. Alloys Compd. 322, 45 (2001).

20We follow the atomic-site notation of Guénée et al. (Ref. 4).

21D, G. Westlake, J. Less Common Met. 91, 275 (1983).

22R. Speiser and J. W. Spretnak, Trans. Am. Soc. Met. 47, 493
(1955).

2 G. Pfeiffer and H. Wipf, J. Phys. F: Met. Phys. 6, 167 (1976).

24G. Boureau, O. J. Kleppa, and P. Dantzer, J. Chem. Phys. 64,
5247 (1976).

25 A. Ledovskikh, D. Danilov, W. J. J. Rey, and P. H. L. Notten,
Phys. Rev. B 73, 014106 (2006).

26V, A. Yartys, R. V. Denys, B. C. Hauback, H. Fjellvag, I. L
Bulyk, A. B. Ryabov, and Ya. M. Kalychak, J. Alloys Compd.
330-332, 132 (2002).

27p. Ravindran, P. Vajeeston, R. Vidya, A. Kjekshus, and H.
Fjellvag, Phys. Rev. Lett. 89, 106403 (2002).

28P. Vajeeston, P. Ravindran, R. Vidya, A. Kjekshus, H. Fjellvag,
and V. A. Yartys, Phys. Rev. B 67, 014101 (2003).

165118-6



