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a b s t r a c t

Deriving the energyevolume equation of state within DFT for CsCaH3 and Cs2CaH4 has allowed pre-
dicting significant changes within the ionic behavior of hydrogen. In Cs2CaH4, apical H1 and equatorial
H2 are found as less and more ionic respectively as compared to the perovskite hydride. This leads to
a larger overall binding both from energy differences and chemical bonding analysis.

� 2010 Elsevier Masson SAS. All rights reserved.

1. Introduction

Several binary and ternary ionic hydrides exist; many of them
based on alkali- and alkaline-earth metals. They are characterized
by nearly fully anionic hydrogen and large band gaps. The strong
bonding of hydrogen with the metal matrix such as in MgH2
hinders their use as hydrogen storage for energy sources under
normal conditions. However they are envisaged for such applica-
tions at elevated temperatures [1].

The original investigations within the CseCaeH system by Park,
Pezat and Darriet [2] suggested the existence of CsCaH3 with
orthorhombic GdFeO3-type perovskite structure. However Bronger
and Breil [3] proposed that the synthesized phase was actually
Cs2CaH4 with a K2NiF4-type structure, and provided X-ray diffrac-
tion analysis with atomic positions. The structure is shown in Fig. 1
with corner sharing CaH6 octahedra interlayered with CsH rocksalt
like entities. Hereafter, the apical hydrogen is called H1 and the
equatorial one, H2. Nevertheless a cubic perovskite was identified
later on byGingl et al. [4]. On the electronic structure side, a number
of ternary hydrides with perovskite structure were investigated by

Sato et al. [5]. In viewof the presence of two ternary hydrideswithin
the CseCaeH ternary, CsCaH3 and Cs2CaH4, we engaged a compar-
ative study of their electronic structure for establishing trends of
stability and change of ionic behavior of hydrogen, using comple-
mentary computational methods within the well established
quantum theoretical density functional DFT [6].

2. Computational methodology

Within DFT, a pseudo-potential approach within the VASP code
[7,8] is used firstly to geometry optimize atomic positions and
lattice parameters. Then the respective equations of states (EOS) are
obtained through energyevolume curves fitted with Birch EOS [9].
For these purposes, we use the accurate projector augmented wave
(PAW) method [8,10] with potentials built within the generalized
gradient approximation (GGA) for an account of the effects of
exchange and correlation [11]. The calculations are converged at an
energy cut-off of 95.45 eV for cubic perovskite CsCaH3 and 159 eV
for Cs2CaH4. The k-point integration is carried out with a starting
mesh of 4 � 4 � 4 up to 8 � 8 � 8 for best convergence and
relaxation to zero strains. The Brillouin zone integrals are approx-
imated using a special k-point sampling following Blöchl [10].

For a full description of the electronic band structures and of
chemical bonding, the scalar relativistic all-electrons augmented
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spherical wave (ASW) [12,13] method is used. Like in the calcu-
lations with pseudo-potentials, the exchange and correlation
effects are accounted for within GGA functional [11]. In the ASW
method, the wave function is expanded in atom-centered
augmented spherical waves, which are Hankel functions and
numerical solutions of Schrödinger’s equation, respectively,
outside and inside the so-called augmentation spheres. In order to
optimize the basis set, additional augmented spherical waves are
placed at carefully selected interstitial sites (IS). The choice of
these sites as well as the augmentation radii are automatically
determined using the sphere-geometry optimization algorithm
[14]. Self-consistency is achieved by a highly efficient algorithm for
convergence acceleration [15]. The Brillouin zone integrations are
performed using the linear tetrahedron method [10]. In the
minimal ASW basis set, we have chosen the outermost shells to
represent the valence states using partial waves up to lmax. þ 1 ¼ 2
for Ca, Cs, H and IS. The completeness of the valence basis set is
checked for charge convergence. The self-consistent field calcula-
tions are run to a convergence of DQ ¼ 10�8 for the charge density
and the accuracy of the method is in the range of about 10�7 eV
regarding energy differences. The relative magnitude of the
chemical bonding is obtained based on the covalent bond energy
ECOV approach which merges both overlap and Hamiltonian
population analysis (resp. Sij, and Hij, i,j being two chemical
species) [16]. The ECOV are constructed by considering s and p-like
valence states of Cs, Ca and H. In the plots negative, positive and
zero ECOV magnitudes indicate bonding, anti-bonding and non-
bonding interactions respectively.

3. Geometry optimization and equations of state

Starting from the internal lattice coordinates of literature for the
ternary hydrides [3,4], we carried out a full geometry optimization.
The optimized lattice parameters, shown in Tables 1 and 2, are in
good agreement with experimental data. Also the CaeH distances
are smaller than CseH ones in both varieties. It will be shown
hereafter that they indicate prevailing CaeH bonding which is
differentiated between the two H sites in the K2NiF4-type structure
of Cs2CaH4.

3.1. Equations of state

In order to extract energies to compare the binding within the
two ternary hydrides, one needs establishing the energyevolume
equation of state (EOS). In fact the calculated total energy pertains to
the cohesive energy within the crystal because the solution of the
Kohn-ShamDFTequations yield the energywith respect to infinitely
separated electrons and nuclei. In as far as the zero of energy
depends on the choice of the pseudo-potentials, somehow it
becomes arbitrary; i.e. it is shifted but not scaled. However the
energy derivatives as well as the EOS remain unaltered. For this
reason one needs to establish the EOS and extract the fit parameters
for an assessment of the equilibrium values. This is done from (E,V)
set of calculations around minima found from geometry optimiza-
tion. The resulting E ¼ f(V) curves have a quadratic variation which
can be fitted with energyevolume Birch EOS to the 3rd order [12]:

EðVÞ ¼ EoðVoÞ þ ½9=8�VoBo
h
ð½ðVoÞ=V�Þ½2=3��1

i2

þ ½9=16�Bo
�
B0 � 4

�
Vo

h
ð½ðVoÞ=V�Þ½2=3��1

i3
;

where Eo, Vo, Bo and B0 are the equilibrium energy, the volume, the
bulk modulus and its pressure derivative, respectively.

Also for a test of Park et al. hypothesis of a GdFeO3-type CsCaH3
[2] its EOS was calculated beside the cubic one. The two curves
together with the fit results in the inserts are shown in Fig. 2a. In
this panel and in following ones relevant to the EOS, low residue c2

values (w10�6) are indicative of good fits. It can be seen that the
system is slightly more stable in the cubic structure with a volume
per formula unit (fu) in closer agreement with experiment than
from geometry optimized value in Table 1. In as far as the main
difference between cubic perovskite and orthorhombic one is in the
tilting of the CaH6 octahedra in the latter which is a stabilizing
factor leading eventually to a transformation to post-perovskite in
oxides (covalent) under pressure [17], then (ionic) hydride systems
behave oppositely; i.e. a non tilted sequence of octahedra is
preferred. The zero pressure bulk modulus of B0 ¼ 23 GPa (in both
varieties), is in agreement with literature [5]. It indicates a soft,
highly compressible material in comparison with oxides based on
transition metals [17], despite the three dimensional structure.
Note that all chemical elements in presence are s-like, i.e. with non
directional (p or d) orbitals.

Fig. 1. The body centered tetragonal structure of Cs2CaH4.

Table 1
Crystal characteristics of cubic perovskite CsCaH3 from geometry and comparison
with literature data.

CsCaH3

Pm-3m #221 Z ¼ 1
This work Ref. [4]

Cs 0, 0, 0 0, 0, 0
Ca ½, ½, ½ ½, ½, ½
H ½, ½, 0; 0, ½, ½; ½, 0, ½ ½, ½, 0; 0, ½, ½; ½, 0, ½
a (Å) 4.54 4.61
Volume (Å3) 80.0 97.9
d (CaeH) (Å) 2.29 2.30
d (CseH) (Å) 3.12 3.15
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In Fig. 2b relevant to the E(V) curves and fit values for Cs2CaH4
hydride, the system is found softer with a very small value of bulk
modulus of 16 GPa. One may attribute the results to the known
difference of dimensionality (D) between theperovskite andK2NiF4-
type structures which are respectively 3D and 2D-like. The equi-
librium volume shows a fairly good agreement with experiment.

3.2. Binding energies

From the equilibrium values one may estimate the relative
cohesive energies for the two ternary hydride systems starting from
those of CsH and CaH2. As a matter of fact the ternary hydrides are

experimentally prepared by reacting these binaries [2]. The former
crystallizes in rocksalt structurewhile for the latter different reports
exist on its structure: fluorite CaF2-like [18] and orthorhombic [19].
In this context we calculated the EOS in the three structural types to
obtain the ground state structure. For the sake of completeness,
a rutile MgH2-like structure was also considered. Fig. 3a shows the
three E(V) curves and the fit values in the inserts; the goodness of fit
is indicated by a low c2 value. The most stable structural type is
CaF2, followed by the orthorhombic then rutile types. This is sup-
ported by Weaver et al. work on experimental and theoretical
investigations of CaH2 [18]. The EOS of CsH in the ground state
rocksalt NaCl structure is given in Fig. 3b. The bulkmodulus value of
CsH and CaH2 are respectively smaller and larger than the magni-
tudes of the ternary systems. Interestingly, “adding” CsH to CsCaH3
(B0 ¼ 23 GPa) yields a much softer Cs2CaH4 (B0 ¼ 16 GPa) material.

The binding within each system can be obtained from the
equation:

Ebind. (CsCaH3) ¼ Etot.(CsCaH3) � Etot.(CsH) � Etot.(CaH2);

and

Ebind. (Cs2CaH4) ¼ Etot.(Cs2CaH4) � 2 Etot.(CsH) � Etot.(CaH2).

With the equilibrium zero pressure values in the inserts one gets
Ebind. (CsCaH3)¼�0.03 eV and Ebind.(Cs2CaH4)¼�0.1 eV, i.e. a three
times larger magnitude. The larger binding within the K2NiF4-type

Table 2
Crystal characteristics of K2NiF4-type Cs2CaH4 from geometry and comparison with
literature data.

Cs2CaH4

I4/mmm #139 Z ¼ 2
This work Ref. [3]

Cs 0, 0, 0.351 0, 0, 0.352
Ca 0, 0, 0 0, 0, 0
H1 0, 0, 0.151 0, 0, 0.149
H2 0, ½, 0 0, ½, 0
a (Å) 4.58 4.597
c (Å) 15.271 15.528
Volume (Å3) 320.33 328.14
d(CaH1) (Å) 2.30 2.31
d(CaeH2) (Å) 2.27 2.29
d(CseH1) (Å) 3.12 3.15
d(CseH2) (Å) 3.23 3.25

a

b

Fig. 2. Energy versus volume curves and fit values from Birch 3rd order equation state.
a) CsCaH3 and b) Cs2CaH4. c2 indicates the goodness of fit.

Fig. 3. Energy versus volume curves and fit values from Birch 3rd order equation state.
a) CaH2 and b) CsH. c2 indicates the goodness of fit.
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hydride should find its interpretation from the chemical binding
changes which are addressed here below.

4. Electronic structure and chemical bonding

Using the optimized lattice positions for the two ternary
hydrides (Tables 1 and 2), we calculate the electronic structures and
the properties of chemical bonding for both varieties with all-
electrons ASW method [12,13]. At self-consistent convergence,
charge transfer is observed from Ca and Cs towards H and IS with
amounts of w0.5 electron. These transfers are not meaningful of
fully ionized elements; such features will be indirectly shown
through the electronic band structure and density of states as well
as the chemical bonding properties.

4.1. Electronic band structure and density of states

The site projected density of states (PDOS) and the corre-
sponding bands on the right hand side (RHS) are shown in Fig. 4 for
both ternary hydrides. They are both insulating with a large band
gap ofw3 eV. This is close to the gapmagnitude in the literature for
the perovskite hydride [5]. Then the energy values along the y-axis
are with respect to the top of the valence band (VB), EV. This is also
done in following plots.Within the VB, one finds bands arising from
hydrogen 1s with three bands in CsCaH3 (Fig. 4a) and four bands in
Cs2CaH4 (Fig. 4b). In Oh point group they correspond to the
following symmetric irreducible representations: a1g (one-degen-
erate) and eg (two-degenerate) with respectively large and little
dispersion of the bands. In Cs2CaH4, the point group at Ca is D4h and
the following symmetric irreducible representations apply to
assign the four bands: a1g and a2g and eg. It is interesting to notice
the small dispersive a2g band giving the high intensity DOS peak
at w�1 eV, mainly assigned to H2. In both panels the large band
dispersion is at the center of the Brillouin zone (G). The bands give
the PDOS their shape. And the similar PDOS shapes for Cs, Ca on

Fig. 4. Site projected density of states and electronic band structure along major
Brillouin zone lines of CsCaH3 (a) and Cs2CaH4 (b).

Fig. 5. Chemical bonding from ECOV and integrated iECOV; a) CsCaH3; b) Cs2CaH4.

S.F. Matar et al. / Solid State Sciences 13 (2011) 569e573572



Author's personal copy

one hand and H on the other hand, signal a chemical bonding
between them, detailed below. Despite similar magnitude of VB
widths, i.e. w3 eV, the hydrogen PDOS show differences between
the two panels, with an overall energy downshift of H2 versus H1
PDOS in Cs2CaH4. This may be connected with the distances which
are shortest for CaeH2 (Table 2). The conduction band (CB)
comprising mainly Cs and Ca empty states shows larger dispersion
in Cs2CaH4 with respect to CsCaH3. These observations indicate
similar overall ionic character for both hydrides with a “redistri-
bution” of hydrogen chemical roles in Cs2CaH4.

4.2. Chemical bonding

The discussion of the electronic band structure and PDOS can be
developed from the description of the chemical bonding in the two
ternary hydrides. This is based on the ECOV criterion. For sake of
establishing trends of bonding strengths we also show the inte-
grated ECOV function (iECOV): the larger the area below the curves,
the larger the bonding is. Further we consider the same number of
atoms. The relevant plots are shown in Fig. 5a,b.

In both hydrides, the CaeH binding is stronger than the CseH
one as one may expect from distance magnitudes (Tables 1 and 2).
All interactions are of bonding character whence the negative ECOV
all over and the ECOV follow closely the PDOS (and the bands).
Differences appear between the two hydrides for the intensity of
ECOV peaks at �0.5 eV (5a) and the onset of a peak at �2 eV in
Fig. 5b. Further the bonding is of very low magnitude below
w�1.8 eV in the perovskite hydride, while it is significant below
this energy over a 1 eV range due to CaeH2 bonding. Although the
CaeH2 ECOV peak intensity appears larger than CaeH1 one,
a comparison of the interactions is better illustrated from the
integrated ECOV (iECOV). The right hand side (RHS) panels show
the relevant curves which exhibit again the low intensity CseH
areas versus CaeH. Comparing the relative intensities of the latter,
one can see that the CaeH bonding in the perovskite hydride
(Fig. 5a, RHS) is found intermediate between CaeH1 and CaeH2
(Fig. 5b, RHS), i.e. there is the following trend of bonding:

iECOV(CaeH1/Cs2CaH4) < iECOV(CaeH/CsCaH3)
< iECOV(CaeH2/Cs2CaH4)

This has important implications from the chemical structure
stand point: upon going from the perovskite to the K2NiF4 hydride,
there is a dispatching of hydrogen into a less anionic H1 and a more
anionic H2. This may explain the larger binding and stabilization of
the K2NiF4 hydride with respect to the perovskite as calculated
above.

5. Conclusion

The electronic structures of two ternary hydrides within the
CseCaeH system, has allowed pointing to significant changes
affecting the ionic behavior of hydrogen from CsCaH3 to Cs2CaH4.
From the equilibrium energy values obtained with help of
respective EOS, including CsH and CaH2, the bonding is computed
larger in the latter. This has been assessed based on the electronic
band structures and chemical bonding leading to dispatch
hydrogen into less and more ionic in Cs2CaH4 as with respect to H
in CsCaH3.
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