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Abstract

Atomization energy diagram is proposed for analyzing the chemical bond in the perovskite-type hydrides such as MIMgH; (M1=Na, K,
Rb), RbCaHj3;, CaNiH; and SrPdH;. The atomization energies of hydrogen and metal atoms in the hydrides are evaluated theoretically by the
energy density analysis (EDA) of the total energy, and used for the construction of the atomization energy diagram. Every hydride can be
located in such an energy diagram, although there are differences in the nature of the chemical bond among the hydrides. When the hydrides
have a resemblance in the chemical bond, their locations are close to each other in the diagram. The role of constituent elements in the
hydride is understood well with the aid of this diagram. For comparison, the atomization energy diagram is shown for the perovskite-type

oxides.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In 1955 Wigner and Seitz [1] predicted that if one had a
great calculating machine, one might apply it to the problem of
solving the Schrodinger equation for each metal and obtain the
interesting physical quantities, such as the cohesive energy, the
lattice constant and similar parameter. It is not clear, however,
that a great deal would be gained by this. Presumably the results
would agree with the experimentally determined quantities and
nothing vastly new would be learned from the calculation. This
prediction made by two pioneers of solid state physics remains
true in these days, even though the computational science has
made great progress.

In addition, the Mulliken population analysis [2] is so com-
mon in the field of molecular orbital calculations, and the nature
of the chemical bond between atoms has been treated well by
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using a standard concept of covalent or ionic bond. However,
with this analysis, it is still difficult to compare quantitatively the
chemical bond strength among a variety of materials. To solve
this problem, the chemical bond should be estimated quantita-
tively in an energy scale.

Recently, Nakai has proposed a new analyzing technique
called energy density analysis (EDA) [3]. In this method, the
total energy of a system, computed by using the Kohn—Sham
type density functional theory (DFT) [4], is partitioned into
atomic energy densities, and the characteristics of the chemi-
cal bond are understood in terms of each atomic energy density
instead of using the total energy. In this paper, the atomization
energy of the respective atom in the perovskite-type hydrides
(e.g., M1MgH3 (M1 =Na,K,Rb)), is obtained by subtracting the
atomic energy density from the energy of an isolated atomic
state. Then, an atomization energy diagram is proposed for the
first time in order to understand the nature of the chemical bond
in an energy scale. For comparison, the approach is further
extended to the perovskite-type oxides such as CaM203 and
StM203 (M2 =Ti, Zr).
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Fig. 1. Crystal structure of perovskite-type hydride, KMgH3.

2. Calculation procedure
2.1. Geometry optimization

The crystal structure of perovskite-type hydride, KMgHs, is
illustrated in Fig. 1. This is a cubic structure in which potassium,
magnesium and hydrogen occupy a corner, a center and a face-
center of the cube, respectively. Some hydrides have non-cubic
structure due to the distortion, and form, for example, hexagonal
or orthorhombic structure. The positions of hydrogen in hydrides
are sometimes difficult to be determined experimentally. So, in
this study, the crystal structures of perovskite-type hydrides are
optimized by the total energy minimization using the plane-wave
pseudopotentital method.

For this purpose, the first-principle calculations based on
the density functional theory are performed with a generalized
gradient approximation (GGA) by Perdew et al [5]. The imple-
mentation of DFT employed here combines a plane-wave basis
set with the total energy pseudopotential method, as is embod-
ied in the CASTEP code [6]. The present calculations used are
based upon the ultrasoft pseudopotentials proposed by Vander-
bilt [7]. The plane-wave cutoff energy is chosen to be 380¢eV,
because this cutoff energy is found to achieve the convergence of
the total energies within 0.03 eV, as compared to the results with
the cutoff energies up to 600 eV. The sampling in the reciprocal
space is done with the k-points grids of 6 x 6 x 6 for orthorhom-
bic NaMgH3 [8], 6 x 6 x 6 for cubic KMgHj3 [9], 5 x5 x 2
for hexagonal RbMgHj3 [10], 6 x 6 x 4 for cubic RbCaH3s [11],
8 x 8 x 8 for cubic CaNiH3 [12], 8 x 8 x 8 for cubic SrPdHj3
[13]. The calculated lattice parameters agree with the measured
ones [8—13] within 1.2%. The further explanation of the calcu-
lation method is given elsewhere [14,15].

2.2. Energy density analysis (EDA)

The electronic structures for optimized crystal lattice of
hydrides are obtained by the DFT calculations under the
periodic boundary condition (PBC) using Gaussian03 pro-
gram package. The adopted functional is the BLYP functional,
which consist of the Slater exchange [16], the Becke (B88)
exchange [17], the Vosco—Wilk—Nusair (VWN) correlation [18]

and the Lee—Yang—Parr (LYP) correlation functionals [19].
The following modified Gaussian basis sets are adopted: the
correlation-consistent polarization plus the valence double zeta
(cc-pVDZ) basis sets of Dunning [20,21] without d-type func-
tions for H, Li, Na and Mg, the Arlrichs TZV basis set [22]
without the outer s function for K, the Huginaga basis set [23]
without the outer s function and constructed to be double zeta
class for Rb. The EDA calculations under PBC [24] are per-
formed by linking the original code for the EDA with Gaussian03
[25].

Following the EDA, the atomic energy density of A atom is
evaluated by,

E* = Eqn + T8 + ER. + E¢p + Exc- (1)

where E{\\]N is the nuclear—nuclear repulsion energy density,
TS{* is the non-interacting kinetic energy density, Efé,e is the
nuclear—electron attraction energy density, EéLB is the Coulomb
energy density, EQC is the exchange-correlation energy density.

In Eq. (1), for example,EQC is evaluated by the partial sum
for the numerical quadrature technique,

grid
Efc =Y wepalrg Fxc(ry), )
g

where wq(r) is the weighting factor, pa () is the partition func-
tion, and Fxc(rg) is the exchange-correlation functional. The
other terms in Eq. (1), which are evaluated by the analytical
integration with the Kohn—Sham orbitals, are partitioned into
their energy densities on the analogy of Mulliken population
analysis [2].

2.3. Atomization energy

The EDA analysis is performed with the geometry optimized
by the plane-wave pseudopotential method. For binary hydrides,
MH, the respective atomic energy densities of M and H are
related closely to the nature of the chemical bond relevant to M
and H atoms in MH. When the energy of the isolated neutral
atom, E{P™ (or Ef{°™), is taken as a reference, the atomization
energy, AEy (or AE)y) is defined as,

AEy = Efiom — prydide, 3)

AEy = Efom — prydnde, )
hydrid hydrid . -

where Ey; " and Ej " are the atomic energy densities for

M and H in MH, respectively. In case of the perovskite-type
hydrides, M1M2H3, AE) is defined as (AEn| + AEw2)/3, that
is the average atomization energy of M1 and M2 to be counted
per hydrogen atom. The cohesive energy, Ecop, of the hydride
per hydrogen atom is defined as,

AEM + AEg = Econ (5)

Here, the energy of the isolated atom is used as a reference fol-
lowing the definition of E.qp, given by Kittel [26]. Thus, AEp and
AEy are the components of E¢qp. S0, each of atomization energy
energies become a measure of the chemical bonding effect of the
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Fig. 2. Calculated and experimental heat of formation for binary hydrides.

element on the stability of the hydrides. By setting that y= AEg
and x= AE)j, we obtain a relation, y=—x+ Ecop. S0, Ecop 18
expressed as a point of intersection between this line and y-axis
atx=0.

3. Results and discussion

3.1. Heat of formation and cohesive energy for binary
hydrides

First, to show the reliability of the present calculation, the
heat of formation, AH, for binary hydrides, MH,, is calcu-
lated assuming that M + (n/2)H, — MH,, and compared with the
experiment [27]. As shown in Fig. 2, there is good agreement
between the calculated and the experimental values.

The cohesive energy, Ecoh, 1S @ measure of the electronic
stability of hydrides. As shown Table 1, the difference between
the calculated and the experimental values for E, lies within
0.44 eV [28]. Thus, the present calculation is performed in a
reasonable manner.

3.2. Atomization energy diagram

The calculated atomization energies are listed in Table 2.
In every perovskite-type hydride, the value of AEy is larger
than AEp; and AE)pp, indicating that hydrogen contributes
significantly to the electronic stability of these hydrides.

Table 1
Calculated and measured cohesive energy for binary hydrides (eV)

E.on (Calculated) Econ (Experimental)

NaH 4.39 3.96
MgH, 3.34 3.41
KH 3.38 3.78
CaH, 4.27 4.12
RbH 3.34 3.64
SrH, 3.76 4.04
NiH 7.20 7.32
PdH 6.17 6.58

Table 2
Calculated atomization energy for binary hydrides and perovskite-type hydrides
(eV)

AEMm AEY AEM1 AEm2 AEym AEq
NaH 458 —0.19 NaMgHs 1.38 1.64 1.01 2.72
MgH» 0.76 296 KMgHs —0.74 —-1.27 —-0.67 4.10
KH —1.11 449 RbMgHs —0.22 0.40 0.06 3.34
CaH; —1.45 499 RbCaHs —1.10 —-1.03 —-0.71 4.79
RbH —5.11 8.45 CaNiHs —5.89 —4.83 =357 8.80
SrH; —4.05 5.79  SrPdHs —-347 —1447 -598 10.33
NiH —4.44 11.64
PdH —-1029 16.46

For perovskite-type hydrides and their constituent metal-
based binary hydrides, a AEy versus AFE) diagram is
constructed in an energy scale as shown in Fig. 3. This AEg
versus AE) diagram is hereafter called “atomization energy dia-
gram”. By using this atomization energy diagram, every hydride
can be shown in one figure, although there are significant differ-
ences in the nature of the chemical bond among them.

As a whole, there is a clear trend that AEy increases with
decreasing AEyN. AEq is positive, but AE) is negative in most
cases. Thus, the hydrogen state is more stabilized in the hydride
than in the isolated atomic state, while the M state is destabilized
in most hydrides. In other words, the stabilized H state emerges
in compensation for the destabilized M state in most hydrides.
From this view point, NaH is a unique hydride where the Na
state is stabilized rather than the H state. An ionic crystal, NaCl
has the same trend as NaH.

3.2.1. Binary hydrides

Needless to say, when the hydrides have a resemblance in the
chemical bonding state, their locations are close to each other
in the diagram. For example, binary hydrides of transition ele-
ments (i.e., NiH and PdH) appear in the higher AEy region than
those of typical elements (i.e., NaH, MgH,, KH, CaH;, SrH»
and RbH). Thus, transition elements could stabilize the hydro-
gen state remarkably in the binary hydrides probably owing to

AL (eV)

-14 -12 -10 -8
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Fig. 3. Atomization energy diagram for perovskite-type hydrides and binary
hydrides.
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the covalent interaction operating between hydrogen and tran-
sition elements. On the other hand, binary hydrides of typical
elements have a lower AEy, probably owing to the ionic inter-
action mainly operating between hydrogen and typical elements
in them. As a result, binary hydrides of transition elements have
larger cohesive energy, Ecoh, than those of typical elements, as
listed in Table 1.

Among binary alkali metal hydrides with the same crystal
structure, the atomization energy for hydrogen, AEy, changes
in the order, NaH < KH < RbH. According to the Mulliken pop-
ulation analysis [2], the net charges on the hydrogen atom in
them change in the order, NaH (—0.55)>KH (—0.71) ~RbH
(—0.71). This means that charge transfer occurs from metal to
hydrogen atoms in them. The amount of transferred charges is
larger in KH and RbH than in NaH, in agreement with the elec-
tronegativity of each metal atom. Thus, the hydrogen state in
these hydrides is stabilized to some extent by the charge trans-
fer. However, such a traditional analysis never explains a whole
feature of the atomization energy diagram expressed in an energy
scale.

3.2.2. Perovskite-type hydrides

For any perovskite-type hydrides, MIM2H3, it is known that
the M1-H and M2-H interactions are rather ionic in charac-
ter, even though covalent character still remains to some extent
in the M2-H bond because of the shorter M2-H distance than
the M1-H one. This is the case of the perovskite-type hydrides
of typical elements (e.g., NaMgH3, RbCaHj3). On the other
hand, the covalent character further increases in case when M2
is a transition element. This is the case of the perovskite-type
hydrides of transition elements (e.g., CaNiH3 and SrPdH3). As a
result, CaNiH3 and SrPdHj3 possess a larger A Eyy than NaMgHj3
and RbCaH3 as shown in Fig. 3.

In addition, this diagram enables us to understand the chem-
ical reaction for the formation of pervoskite-type hydrides. For
example, for a chemical reaction, NaH + MgH, — NaMgH3, it
is found that NaMgH3 is located just in between NaH and MgH»
in this diagram. This indicates that NaMgH3 inherits the nature
of the chemical bond from NaH and MgH to some extent. This
trend is seen in the other perovskite-type hydrides as shown in
Fig. 3.

Among the Mg-based perovskite-type hydrides, M1MgHj3
(M1=Na, K, Rb), NaMgH3 and RbMgH3 are located near
MgH; rather than NaH or RbH. The chemical bond in NaMgH3
and RbMgH3 has a resemblance to the chemical bond in MgH»
to some extent. On the other hand, KMgH3 is located near KH
rather than MgH,. So, there is a resemblance in the chemical
bond between KMgH3 and KH. However, fine adjustment to the
chemical bond still takes place in these hydrides, as explained
in Section 3.3.

3.3. AEy versus AEy diagram

A AEp\ versus AEyNp diagram is also constructed on the
basis of the present calculation to understand the role of metal
elements in the formation of the chemical bond in the hydride.
The results are shown in Fig. 4. AEyz; (or AEyzp) is a mea-
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Fig. 4. AEwm; vs. AEMp diagram for perovskite-type hydrides.

sure of the M1 (or M2) contribution to the cohesive energy
of the perovskite-type hydride. A line showing a relation,
AEM1 =AEM, i1s drawn in Fig. 4. All the pervoskite-type
hydrides except for SrPdH3 are located along this line. This
implies that the M1 and M2 metallic states are well balanced
in the perovskite-type hydrides, and their contribution to the
cohesive energy is nearly equal. However, such a balance is no
longer present in StPdH3 containing Pd, where the strong cova-
lent interaction between Pd and H atoms breaks the balance,
resulting in a large, negative AEpq and in a large, positive AEy,
while showing a small, negative AEs;.

3.4. Comparison between perovskite-type hydrides and
oxides

The atomization energy diagram is shown in Fig. 5 for the
perovskite-type oxides, M1M203, where M2 are the transition
elements such as Ti and Zr. As a whole, there is a trend that A Ey
and AEp are both positive in most cases. This is in contrast with
the trend of negative AEy and positive AEy observed in the
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Fig. 5. Atomization energy diagram for perovskite-type oxides and binary
oxides.
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perovskite-type hydrides as shown in Fig. 3. In addition, there
is a trend that AEg decreases with increasing AEy. As a result,
Eop lies in the range of 9—12 eV, which is larger than the value
for hydrides listed in Table 2. Also, most of the binary oxides
containing transition elements appear in the higher AEg region
than the oxides containing typical elements, which is also found
in the perovskite-type hydrides as explained earlier. In addition,
it is stressed here that the perovskite-type oxides, M1M20O3, are
located near the binary oxides, M20,,, in the diagram, indicating
that the perovskite-type oxide, M1M2O3 inherits the nature of
the chemical bond mainly from M20,,.

In Fig. 5, all the oxides follow a simple trend
AEg=—AEM + Econ (=nearly constant). This is attributable to
the smaller change in the Eon value among the oxides, as com-
pared to the relatively larger change in both AEp and AEy. In
other words, the electronic states of M and O atoms are adjusted
largely depending on M, so as to keep an E.qp, value nearly con-
stant. Thus, a beautiful energy balance lying between the M and
O atoms probably causes a simple trend in the oxides. Such a
trend is also seen in the hydrides as shown in Fig. 3.

However, when constituent elements is fixed, this is not the
case. One extreme example is seen in organic liquid systems,
benzene (CgHg), cyclohexane (CgHjz), naphthalene (CioHg)
and decalin (C19oHjg). These are important organic systems for
hydrogen storage. In these four systems, every AEy value is
nearly same and only the AE¢c values vary largely depending
on the molecules. So, the sum of them defined as E.q, changes
significantly with the molecules, and hence a simple trend is no
longer satisfied in them.

4. Conclusion

A unified approach based on the atomization energy concept
is proposed for understanding the chemical bond in perovskite-
type hydrides and oxides without using a standard concept of
covalent bond or ionic bond.

An atomization energy diagram is constructed for the first
time to treat the chemical interactions in the perovskite-type
hydrides and oxides in an energy scale. The diagram reflects well
characteristics of the chemical bond, for example, the atomiza-
tion energy of hydrogen (or oxygen) changes largely with the
covalent or ionic interactions. Also, since the sum of the atom-
ization energy equals the cohesive energy, each of atomization
energies becomes a measure of the chemical bonding effect of
the element on the stability of the hydride (or oxide). The atom-
ization energy is balanced well among the constituent elements.
For example, for the perovskite-type hydrides, M1M2Hj3, being
composed of typical elements, M1 and M2, fine adjustment to the
chemical bond makes a nice balance in the atomization energy
between M1 and M2, i.e., AEM| = AEMD.
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