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Within density functional theory, establishing the equations of states of YNi in two different controversial
structures in the literature, leads to determine the orthorhombic FeB-type as the ground state one with
small energy difference. For YNiH3 and YNiH4 hydrides crystallizing in the orthorhombic CrB-type struc-
ture the geometry optimization and the ab initio determination of the H atomic positions show that the
stability of hydrogen decreases from the tri- to the tetra- hydride. New states brought by hydrogen
within the valence band lead to its broadening and to enhanced localization of metal density of states.
The chemical bonding analysis shows a preferential Ni–H bonding versus Y–H.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Nickel based binary intermetallics are a relevant class of mate-
rials for a diversity of physical properties such as shape memory
(e.g. TiNi) [1], INVAR magnetic alloys (e.g. Fe–Ni) [2] and interme-
tallics for hydrogen storage (e.g. CeNi) [3]. The search for com-
pounds with large hydrogen density is important in the context
of energy storage. For instance, YNi and ZrNi absorb up to 3 H
per formula unit (fu) [4]. However recent reports on YNi and other
RENi (RE is a rare earth) intermetallics indicate a higher absorption
amount of �4 H per fu [5], leading to �3 wt.% hydrogen. This is
similar to Mg2NiH4 which is characterized by �3.6 wt.% hydrogen
and reversible hydrogen adsorption ability [6].

On the other hand, the structural characterization of YNi has
been controversial as far as early works by Smith and Hansen [7]
report a monoclinic symmetry (P21/b space group, SG) which is
in disagreement with the study undertaken by Klepp and Parthé la-
ter on [8]. The latter found an orthorhombic Pnma symmetry with
FeB-type structure. This primitive (P) orthorhombic type structure
is less common in intermetallics because several RENi (RE = Ce, Sm,
Gd) crystallize, like the corresponding tri- and tetra-hydrides, in
the CrB-type structure (Cmcm SG) [5]. Nevertheless, it needs to
ll rights reserved.
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be mentioned that the mecanosynthesis method of intermetallics
and their hydrides using energetic ball milling, is known to induce
some amorphisation and to produce different crystal structures
than usual high temperature methods [9]. The ground state prop-
erties of intermetallics and the effects of hydrogen insertion such
as the changes of the electronic structure and both the strength
and character of the chemical bonding are important to understand
at both the fundamental and applied levels. This is herein modeled
within the well established quantum mechanical density func-
tional theory (DFT) framework [10,11]. Firstly a search of the
ground state structure of YNi is done in view of the controversy
on its crystal structure, through calculating the respective equation
of states (EOS) for monoclinic [7] and FeB-type [8] as well as CrB-
type of the hydrides. Then the tri- and tetra-hydrides are examined
with an ab initio determination of the atomic positions, mainly for
H, in order to examine the relative stability of H within the inter-
metallic matrix [12].

2. Computational framework

Within DFT, calculations are performed using two complemen-
tary approaches. With pseudo-potential (PP) methodology, a
geometry optimization of the lattice parameters is firstly carried
out. Then the equilibrium energies and volumes are obtained
through establishing the relevant energy/volume equations of
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state (EOS), as well as the relative binding energy of H within. This
consists basically of PP’s and plane waves coupled with a Fourier
transform technique. The method implemented in different calcu-
lation methods, is used here within the VASP code [13]. It is extre-
mely accurate and reasonably fast for materials modeling and
especially it has shown good ability in predicting ground state
structures [14]. A general characteristic, common to all the PP
methods, is that once the description of the electronic interactions
has been achieved, the forces acting on atoms can be easily calcu-
lated, thus giving the possibility to determine the minimum energy
position for atoms belonging to the unit cell. Note that carrying out
such calculations with all electrons methods would be much hea-
vier and time consuming; unless massively parallelized computers
are used.

VASP uses PP built both within the local density approximation
(LDA) [15] and the generalized gradient approximation (GGA) [16]
schemes for treating the exchange correlation XC effects. These are
based on electron gas distribution which is close to that present in
metals and alloys, like our case studies here. Typically, while the
LDA underestimates lattice spacing, the GGA slightly overestimates
it. However the use of one or the other XC functional is case sensi-
tive and preliminary computations are carried out. When strongly
correlated electrons system such as transition metal oxides are
examined, electron gas based correlation needs to be enhanced
by addition of an onsite repulsive parameter U [17]. The optimiza-
tion of the structural parameters is performed until the forces on
the atoms are less than 0.02 eV/Å and all stress components are
less than 0.003 eV/Å3. Computations are converged at an energy
cut-off of 269.56 eV for the plane-wave basis set. The tetrahedron
method with Blöchl corrections [18,19] as well as a Methfessel–
Paxton scheme [20] for conducting systems are applied for both
geometry relaxation and total energy calculations. Brillouin zone
(BZ) integrals are approximated using a k-point sampling with a
starting mesh of 4 � 4 � 4 up to 8 � 8 � 8 for best convergence
and relaxation to zero strains. From the calculations the analysis
of the charge density can assess the iono-covalent character
change of hydrogen. The theoretical concept of atoms in molecules
(AIM) introduced by Richard Bader [21], develops an intuitive way
of dividing molecules into atoms as based purely on the electronic
charge density. Bader uses what are called ‘zero flux surfaces’ to di-
vide atoms. A zero flux surface is a 2-D surface on which the charge
density is a minimum perpendicular to the surface. Typically in a
chemical compound, the charge density reaches a minimum be-
tween atoms and this is a natural place to separate atoms from
each other. Besides being an intuitive scheme for visualizing atoms
in molecules, Bader’s definition is often useful for charge analysis.
For example, the charge enclosed within the Bader volume is a
good approximation to the total electronic charge of an atom. Tak-
ing as an example the archetype metal hydride MgH2, its high sta-
bility is translated by totally anionic hydrogen: H�1. This hinders
its use for application. The addition of Ni leading to Mg2NiH4 re-
duces the anionic character and H�1 becomes H�0.8 as inferred
from Bader charge analysis [14,21]. We shall show that such trends
are observed in presently investigated hydrides.

Then all-electron calculations are needed to explore the elec-
tronic structure within the whole valence band (VB) and conduc-
tion band (CB) as well as details of the chemical bonding. This is
performed using the scalar-relativistic ASW method [22,23]. The
method uses the atomic sphere approximation ASA which assumes
overlapping atomic spheres whose volume is equal to the cell vol-
ume. Likewise, the computations are based on DFT and the GGA
scheme as parameterized by Wu and Cohen [24]. This scheme is
preferred to LDA one (as well as in PP calculations), for better en-
ergy-volume quantities versus experiment in present case studies.
In this method, the wave function is expanded in atom-centered
augmented spherical waves, which are Hankel functions and
numerical solutions of Schrödinger’s equation, respectively, out-
side and inside the so-called augmentation spheres. In the minimal
ASW basis set the outermost shells represent the valence states
and the matrix elements are constructed using partial waves up
to lmax + 1 = 3 for Y and Ni and lmax + 1 = 2 for H (l: secondary quan-
tum number). Calculations are started for neutral atom configura-
tions. Convergence is obtained when negligible variations for the
charge densities (DQ = 10�8) and for the total energy
(DE = 10�7 eV), are observed between two successive iterative cy-
cles. Further the relatively open (low compactness) structure of
the hydrides due to the expansion of the pristine YNi intermetallic,
empty spheres (ES) are introduced within ASA. ES are pseudo
atoms with zero atomic numbers and a limited valence basis set
like hydrogen. They are introduced at interstitial lattice sites and
they receive charges from neighboring atoms, thus allowing for a
continued charge density within the lattice. The choice of the sites
as well as the augmentation radii are automatically determined
using the sphere-geometry optimization algorithm [25]. The BZ
integrations are performed using Blöchl linear tetrahedron method
with up to 576 k-points within the irreducible wedge [18].

In order to answer the basic question, ‘‘where are the electrons?’’,
Roald Hoffmann introduced the COOP (crystal orbital overlap pop-
ulations, in early extended-Hückel type calculations [26]. The
COOP are calculated based on the overlap matrix elements
c�niðkÞSijcnjðkÞ ¼ c�niðkÞ < vkiðrÞjvkjðrÞ > cnjðkÞ where Sij is an ele-
ment of the overlap matrix formed of the valence basis functions,
v and cnj(k) are the expansion coefficients entering the expression
of the wave function of the nth band. The partial COOP coefficients,
Cij(E), are then obtained by integrating the above expression over
the Brillouin zone (BZ): CijðEÞ ¼ CjiðEÞ ¼ 1=XBZ

P
n

R
BZ d3k

Refc�niðkÞSijcnjðkÞgdðE� enkÞ; where XBZ is the Brillouin zone vol-
ume, d is the Dirac delta notation, serving as counter of states
and Re refers to the real part of following expression. The total
COOP, C(E), are evaluated as a summation over the non diagonal
elements: CðEÞ ¼

P
ijði–jÞCjiðEÞ. The COOP is implemented within

ASW method as a reliable way for assessing the chemical bonding
in a DFT based program [27]. It is used in present work as inte-
grated COOP (iCOOP). In the plots, positive, nil and negative COOP
area magnitudes are indicative of bonding, anti-bonding, and non-
bonding interactions, respectively. We also note that another
scheme uses the Hamiltonian based populations with the COHP
(crystal orbital Hamiltonian populations) [28]. It is described sim-
ilarly to the COOP while replacing the overlap matrix by Hamilto-
nian one, Hij. Lastly more recent developments led to use both
approaches to propose the «covalent bond energy» criterion, ECOV
[29]. A partial ECOVij is then proportional to COHPij(E) � COOPij(E).
3. Geometry optimization from pseudo-potential calculations

3.1. YNi

In view of the published controversial structures [7,8], we have
revisited YNi to establish the ground state structure. Beside the
monoclinic and the orthorhombic forms we also consider hypo-
thetic CrB-type form, which is adopted by the hydrides. Using
the crystal data from the literature [4,7,8] as starting values, geom-
etry relaxation was carried out. In all three cases, monoclinic,
orthorhombic FeB and CrB types, the lattice symmetry was pre-
served and the optimized cell volumes showed a good agreement
with experiment for the monoclinic (calc. 160.7/exp. 160.4 Å3) as
well as the orthorhombic (calc. 160.5/exp. 162.7 Å3) structures
and a smaller value calculated for CrB-type YNi: 159 Å3.

Examining the ground state FeB-type structure, we show in Ta-
ble 1 the experimental and calculated lattice parameters. The cal-
culated values show a good agreement with experiment. The



Table 1
Geometry optimization results as compared to experiment for YNi in FeB-type
structure.

YNi Pnma Experiment [8] Calculated

a-latt. const. (Å) 7.156 7.054
b/a 0.576 0.556
c/a 0.771 0.768
Volume (Å3)/4 fu 162.76 160.3
Y 0.1798, 1=4, 0.1325 0.181, 1=4, 0.133
Ni 0.0357, 1=4, 0.6233 0.037, 1=4, 0.626

Distances (Å)
Y–Ni 2.897–2.913 2.85–2.93
Y–Y 3.587 3.56
Ni–Ni 2.522 2.56
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Fig. 1. Energy versus volume curves for three forms of YNi and fit results from Birch
EOS showing the stabilization of the orthorhombic FeB-type structure.
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shortest interatomic distance is observed between two Ni nearest
neighbors, while Y–Y has the largest separation. These distance
trends are also observed for the monoclinic form. It will be shown
that the Y–Ni distance increases with the insertion of hydrogen (cf.
Table 2).

In order to establish energy trends, the equation of state (EOS) is
needed, i.e. one cannot rely solely on the quantities obtained from
plain lattice optimizations, especially when comparisons of ener-
gies and of volumes magnitudes are to be done between different
phases. The underlying physics is that the calculated total energy
corresponds to the cohesion within the crystal; in as far as the
solution of the Kohn–Sham DFT equations gives the energy with
respect to infinitely separated electrons and nuclei. But the zero
of energy depends on the choice of the pseudo-potentials, then en-
ergy becomes arbitrary through its shifting, not scaling. However
the energy derivatives as well as the EOS remain unaltered. For this
reason one needs to establish EOS’s from which the fit parameters
are extracted for an assessment of the equilibrium values. This can
be done from a set of E(V) calculations for all three forms of YNi.
The resulting curves shown in Fig. 1 have a quadratic variation
which can be fitted with Birch EOS to the 3rd order [30]:

EðVÞ ¼ EoðVoÞ þ ½9=8�VoBo½ð½ðVoÞ=V �Þ½2=3� � 1�2þ
½9=16�BoðB0 � 4ÞVo½ð½ðVoÞ=V �Þ½2=3� � 1�3;

where Eo, Vo, Bo and B0 are the equilibrium energy, the volume, the
bulk modulus and its pressure derivative, respectively. While the B’
value amounts to 4, a magnitude usually observed (Ref. [31] and
Table 2
Geometry optimization results for YNiH3 and YNiH4 in Cmcm SG. Starting H
coordinates are from Peterson et al. [28]. Data for YNi in same hypothetic SG are
added for comparison.

System YNi YNiH3 YNiH4

a-latt. const. (Å) 3.76 3.648 3.660
b/a 2.700 3.065 3.126
c/a 1.100 1.249 1.278
Volume (Å3)/4 fu 158.63 185.24 196.04

Y, Ni and H1 at 4c (0, y, 1/4)
yY 0.140 0.137 0.132
yNi 0.428 0.422 0.404
yH1 – 0.929 0.914
H2 at 8f (0, y, z) –
y – 0.316 0.307
z – 0.503 0.504
H3 at 4b (0, ½, 0) – – Idem

Distances (Å)
Y–Ni 2.87 3.02 3.10
Y–H1 – 2.32 2.40
Y–H2 – 2.22 2.27
Y–H3 – 2.40
Ni–H1 – 1.83 1.83
Ni–H2 – 1.63 1.61
Ni–H3 – 1.62
therein cited works), the equilibrium fit values shown in the insert
of Fig. 1 indicate magnitudes of volumes in agreement with exper-
iment. There are slight differences with respect to geometry opti-
mized values (Tables 1 and 2) due to the two different methods
of obtaining them, i.e. energy minimization with geometry optimi-
zation versus energy derivatives with EOS. The values of total ener-
gies are close but, in as far as all calculations were carried out in the
same convergence conditions, it is shown that the ground state is
for FeB-type YNi with �0.08 eV stabilization with respect to mono-
clinic phase, while the hypothetic CrB-type adopted by the hydrides
is clearly destabilized with respect to the monoclinic phase by
0.19 eV. The close total energies of the two experimental structures
indicate that they can both be stabilized. A transformation may oc-
cur by energetic ball milling [9] for instance. In all three phases the
bulk modulus B0 amounts to �85 GPa, a value usually found for
intermetallics such as CeNi [31].

3.2. YNiH3 and YNiH4

The YNiH3 [3] and YNiH4 [5] hydrides crystallize in the base
centered orthorhombic Cmcm space group with CrB-type structure.
There are four formula units (fu) per cell, but due to the base cen-
tered C-centering SG, only two fu are explicitly accounted for in the
calculations. The uptake of 3 hydrogen atoms per fu, results in an
isotropic expansion of the cell and hydrogen atoms are dispatched
over two different sets of sites. Within the Cmcm SG, H1, Y and Ni
are, in Wyckoff notation, at 4c positions and H2’s are at 8f. H1 and
H2 are then found in Y3Ni2 trigonal bipyramids and Y3Ni tetrahe-
dra, respectively. This is depicted in Fig. 2. When extra hydrogen
(H3) is inserted, Yaropolov et al. [5] suggest the 4b (0, ½, 0) posi-
tion shown as black squares in Fig. 2. In as far as no data are avail-
able for the general positions; we started from the crystal data of
Peterson et al. [32] for isopointal ZrNiH3.

After geometry optimization the orthorhombic symmetry is
kept for both hydrides within Cmcm SG; also hypothetic Cmcm-
YNi was calculated to enable comparisons. The calculated values
of lattice parameters and internal atomic coordinates are given in
Table 2. In the hydrides the main effect of increasing H content
upon going from the tri- to the tetra-hydride, is the increase of
Y–H separation while the Ni–H distances remain almost un-
changed. These trends in metal-hydrogen distances are similar to
those of formerly studied ZrNiH3 [33], i.e. d(Zr(Y)–H) > d(Ni–H).
This should be exhibited by the chemical bonding between Y(Ni)
and hydrogen discussed below. Furthermore, the volume calcu-
lated for YNiH4, V = 196 Å3 is close to the experimental value:
Vexp. � 200 Å3 [5].



Fig. 2. Sketch of the YNiH3 and YNiH4 hydrides and coordination polyhedra for H1
and H2 in YNiH3; additional ‘H3’ (black square) leads to the tetra-hydride.
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From the energy results we examine the stability of hydrogen
within the hydride systems using the following expression:

Ebind: ¼ EðYNiHXÞ � EðYNiÞ � x=2EðH2Þ; x ¼ 3 and 4:

While the two first terms of the right-hand-side equality are the en-
ergy values obtained from the calculations, E(H2) is derived from
pseudo-potential calculations of dihydrogen. The resulting energy
amounts to �6.595 eV. With above equation we extract the stabil-
ization energy of hydrogen in the hydride lattice: EH�bind.(YNiH3)

= �1.915 eV and EH�bind.(YNiH4) = �2.238 eV, i.e. resp. �0.64 and –
0.56 eV per H. Although indicating stabilized hydrogen within
YNi, these values are of smaller magnitude compared to similarly
calculated H stabilization within ZrNiH3 which amounts to ��1 eV
[33]. Further when the amount of H increases from the tri- to the
tetra-hydride, hydrogen is found less bonded to the metal lattice.
This allows suggesting that the departure of H from YNiH4 then
YNiH3, is easier than in the Zr homologue.

These results are further quantified from the charge density
analysis within AIM theory presented above. Taking MgH2 as a ref-
erence, the charge on H is �1. In YNiH3 we compute H charge
ranges from �0.8 to �0.6. For YNiH4, beside these charges charac-
terizing H1 and H2 the additional hydrogen H3 carries a �0.3
charge, making it behave as the most covalent among the hydrogen
belonging to the three sites. Then, additional H3 at 4b (0, ½, 0)
should be the first hydrogen to be desorbed. This illustrates the
destabilization of the tetra-hydride with respect to the tri-hydride.

4. All electrons calculations

Using the geometry optimized structural data (cf. Table 1); cal-
culations of the electronic structure and properties of chemical
bonding were then carried out for YNi and its hydrides YNiH3

and YNiH4. YNi is considered in the CrB-type structure adopted
by the hydrides to enable comparisons with these H-based sys-
tems. Preliminary densities of states (DOS) calculations in FeB-type
structure show the same features.

At energy self-consistent convergence a slight charge transfer
exchange (�0.3 electrons) is observed from Y toward Ni within
YNi and from Y to Ni and H in the hydrides as well as to the ES with
much lower amounts, i.e. they receive charge residues from neigh-
boring atoms. This is concomitant with the electronegativity order
of these species at the Pauling scale [34], i.e. the less electronega-
tive Y (v = 1.2) gives away charges to more electronegative Ni
(v = 1.9) and H (v = 2.2). However these transfers are not meaning-
ful of an ionic character which is not encountered in such calcula-
tions; it can be rather argued that the quantum mixing between
the valence states will show the major character of interaction be-
tween the atomic constituents of such an intermetallic hydride.

4.1. Density of states

The site projected densities of states (PDOS) are shown in Fig. 3
for YNi and its hydrides, respectively. In these plots as well as in
following ones, energy reference is taken with respect to the Fermi
level EF. Furthermore, the same energy window, i.e. from �12 to
6 eV, is considered for the PDOS of these three systems crystalliz-
ing within the same SG (Cmcm). For YNi (Fig. 3a), the valence band
(VB) is mainly dominated by Ni d states centered below EF. This is
due to Ni being a late element in the 3d series, i.e. having its d sub-
shell populated with 8 electrons. On the other hand, the conduc-
tion band (CB) is dominated by Y 4d states, yttrium being an
early transition element of the 2nd period. This can be quantified
from the relative position versus EF of the nd band middles defined
by the Hankel spherical waves in ASW formalism. For Ni and Y d
bands versus the Fermi level, we have: EHankel(Ni) = 0.83 eV < EF =
1 eV < EHankel(Y) = 1.42 eV; i.e. a centering of Ni (3d) below EF and
Y (4d) above EF. Nevertheless itinerant states arising from yttrium
4d are found within the VB; they ensure for the chemical bonding
with the valence states of Ni.

For the hydrides, the similar peak shapes observed through the
VB indicates a quantum mixing between the constituents. A visual
inspection of the three PDOS plots shows a narrowing for both Ni
and Y energy intervals within the VB proportional to the amount
of H within the structure. This is accompanied with more localized
and intense peaks, especially for nickel. These are the respective
consequences of the volume increase leading to larger inter atomic
separations and of the extra electrons brought by additional
hydrogen.

The novel feature of the PDOS for the hydrides (Fig. 3b and c)
with respect to YNi is the emergence of extra states created in
the lower part of the VB, i.e. between �4 and �10 eV. These be-
come more extended and broadened. Also, a sharp PDOS peak be-
low EF and at �6 eV is noticed for the hydrides. This peak becomes
increasingly localized upon going from the tri- to the tetra-hydride.
Such a feature is due to a development of out-of-plane Ni orbitals,
e.g. dyz orbitals which ensure for r and r* bonding with H at �6
and �1 eV, respectively.

4.2. Chemical bonding

The chemical bonding is qualitatively discussed based on the
integrated unit-less COOP (iCOOP). The plots for metal-H interac-
tions within both hydrides are shown in Fig. 4. Hydrogen occu-
pancy ratio is respected, meaning that twice more H2 are
accounted for. Major bonding comes from Ni–H interactions due
to their shorter separations with respect to Y–H (cf. Table 1). For
YNiH3, although there are twice more H2 atoms with shorter Ni–
H2 separations with respect to Ni–H1, the iCOOP surfaces Ni–H2
are not twice as large as Ni–H1. This feature can be related to
the atomic surroundings for H: [Y3Ni2] trigonal bipyramids for
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Fig. 3. Site projected density of states for (a) CrB-type YNi, (b) YNiH3 and (c) YNiH4.

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

-10 -8 -6 -4 -2 0 2 4 6

iC
O

O
P

iC
O

O
P

(E - EF) (eV) (E - EF) (eV)

Ni-H1
Ni-H2
Y-H1
Y-H2

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

-10 -8 -6 -4 -2 0 2 4 6

Ni-H1
Ni-H2
Ni-H3
Y-H1
Y-H2
Y-H3

ba

Fig. 4. Integrated COOP (iCOOP, unit-less) for metal–hydrogen interactions in (a) YNiH3 and (b) YNiH4.

S.F. Matar et al. / Chemical Physics 377 (2010) 109–114 113
H1 and [Y3Ni] tetrahedra for H2 (cf. Fig. 2), indicating twice more
Ni nearest neighbors for H1. Y–H bonding is however present
although with an overall low and anti-bonding like intensity.
Turning to the tetra-hydride, the same general features apply
with however a major difference of a weaker overall Ni–H bonding,
especially for H3 whose interaction character is weakly bonding
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and strongly anti-bonding with Ni and Y, respectively. Then this
would explain the smaller magnitude of the binding of hydrogen
upon going from the tri- to the tetra-hydride and its enhanced
covalent character.
5. Conclusion

The aim of this work based on properties obtained from DFT
electronic structure methods, was to address the ground state of
YNi intermetallic and the changes brought by the insertion of
hydrogen leading to experimentally observed YNiH3 and YNiH4.

In view of experimental controversial assessments on the
ground state crystal structure of YNi, we firstly established the cor-
responding equations of states for YNi in the proposed crystal
structures in literature. From small energy differences we confirm
the orthorhombic FeB-type structure as the ground state one. We
also noted that the CrB-type structure adopted by the hydrides is
the least stable one. Geometry optimization leads to position
hydrogen within the hydride lattice. Also it is suggested that H is
less stabilized in the tetra-hydride with a small covalent charge
characterizing it leading to suggest it as first desorbing species
among the three crystallographically different hydrogen atoms.
The analyses of the DOS and chemical bonding point to large
changes within the valence band with new states brought by
hydrogen and a larger localization of Y and Ni partial DOS. The
overall Ni–H bonding is found larger versus Y–H. Further, its differ-
entiation for the respective H sublattices is argued based on the
coordination polyhedra.
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