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bstract

Atomization energy diagram is proposed for analyzing the chemical bond in the perovskite-type hydrides such as M1MgH3 (M1 = Na, K,
b), RbCaH3, CaNiH3 and SrPdH3. The atomization energies of hydrogen and metal atoms in the hydrides are evaluated theoretically by the
nergy density analysis (EDA) of the total energy, and used for the construction of the atomization energy diagram. Every hydride can be
ocated in such an energy diagram, although there are differences in the nature of the chemical bond among the hydrides. When the hydrides

ave a resemblance in the chemical bond, their locations are close to each other in the diagram. The role of constituent elements in the
ydride is understood well with the aid of this diagram. For comparison, the atomization energy diagram is shown for the perovskite-type
xides.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In 1955 Wigner and Seitz [1] predicted that if one had a
reat calculating machine, one might apply it to the problem of
olving the Schrödinger equation for each metal and obtain the
nteresting physical quantities, such as the cohesive energy, the
attice constant and similar parameter. It is not clear, however,
hat a great deal would be gained by this. Presumably the results
ould agree with the experimentally determined quantities and
othing vastly new would be learned from the calculation. This
rediction made by two pioneers of solid state physics remains
rue in these days, even though the computational science has

ade great progress.

In addition, the Mulliken population analysis [2] is so com-

on in the field of molecular orbital calculations, and the nature
f the chemical bond between atoms has been treated well by
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sing a standard concept of covalent or ionic bond. However,
ith this analysis, it is still difficult to compare quantitatively the

hemical bond strength among a variety of materials. To solve
his problem, the chemical bond should be estimated quantita-
ively in an energy scale.

Recently, Nakai has proposed a new analyzing technique
alled energy density analysis (EDA) [3]. In this method, the
otal energy of a system, computed by using the Kohn–Sham
ype density functional theory (DFT) [4], is partitioned into
tomic energy densities, and the characteristics of the chemi-
al bond are understood in terms of each atomic energy density
nstead of using the total energy. In this paper, the atomization
nergy of the respective atom in the perovskite-type hydrides
e.g., M1MgH3 (M1 = Na,K,Rb)), is obtained by subtracting the
tomic energy density from the energy of an isolated atomic
tate. Then, an atomization energy diagram is proposed for the

rst time in order to understand the nature of the chemical bond

n an energy scale. For comparison, the approach is further
xtended to the perovskite-type oxides such as CaM2O3 and
rM2O3 (M2 = Ti, Zr).

mailto:shinzato@silky.numse.nagoya-u.ac.jp
dx.doi.org/10.1016/j.jallcom.2007.02.116
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Fig. 1. Crystal structure of perovskite-type hydride, KMgH3.

. Calculation procedure

.1. Geometry optimization

The crystal structure of perovskite-type hydride, KMgH3, is
llustrated in Fig. 1. This is a cubic structure in which potassium,
agnesium and hydrogen occupy a corner, a center and a face-

enter of the cube, respectively. Some hydrides have non-cubic
tructure due to the distortion, and form, for example, hexagonal
r orthorhombic structure. The positions of hydrogen in hydrides
re sometimes difficult to be determined experimentally. So, in
his study, the crystal structures of perovskite-type hydrides are
ptimized by the total energy minimization using the plane-wave
seudopotentital method.

For this purpose, the first-principle calculations based on
he density functional theory are performed with a generalized
radient approximation (GGA) by Perdew et al [5]. The imple-
entation of DFT employed here combines a plane-wave basis

et with the total energy pseudopotential method, as is embod-
ed in the CASTEP code [6]. The present calculations used are
ased upon the ultrasoft pseudopotentials proposed by Vander-
ilt [7]. The plane-wave cutoff energy is chosen to be 380 eV,
ecause this cutoff energy is found to achieve the convergence of
he total energies within 0.03 eV, as compared to the results with
he cutoff energies up to 600 eV. The sampling in the reciprocal
pace is done with the k-points grids of 6 × 6 × 6 for orthorhom-
ic NaMgH3 [8], 6 × 6 × 6 for cubic KMgH3 [9], 5 × 5 × 2
or hexagonal RbMgH3 [10], 6 × 6 × 4 for cubic RbCaH3 [11],
× 8 × 8 for cubic CaNiH3 [12], 8 × 8 × 8 for cubic SrPdH3

13]. The calculated lattice parameters agree with the measured
nes [8–13] within 1.2%. The further explanation of the calcu-
ation method is given elsewhere [14,15].

.2. Energy density analysis (EDA)

The electronic structures for optimized crystal lattice of
ydrides are obtained by the DFT calculations under the

eriodic boundary condition (PBC) using Gaussian03 pro-
ram package. The adopted functional is the BLYP functional,
hich consist of the Slater exchange [16], the Becke (B88)

xchange [17], the Vosco–Wilk–Nusair (VWN) correlation [18]

H
l
�

e
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nd the Lee–Yang–Parr (LYP) correlation functionals [19].
he following modified Gaussian basis sets are adopted: the
orrelation-consistent polarization plus the valence double zeta
cc-pVDZ) basis sets of Dunning [20,21] without d-type func-
ions for H, Li, Na and Mg, the Arlrichs TZV basis set [22]
ithout the outer s function for K, the Huginaga basis set [23]
ithout the outer s function and constructed to be double zeta

lass for Rb. The EDA calculations under PBC [24] are per-
ormed by linking the original code for the EDA with Gaussian03
25].

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

A = EA
NN + T A

S + EA
Ne + EA

CLB + EA
XC. (1)

here EA
NN is the nuclear–nuclear repulsion energy density,

A
S is the non-interacting kinetic energy density, EA

Ne is the
uclear–electron attraction energy density, EA

CLB is the Coulomb
nergy density, EA

XC is the exchange-correlation energy density.
In Eq. (1), for example,EA

XC is evaluated by the partial sum
or the numerical quadrature technique,

A
XC =

grid∑

g

ωgpA(rg)FXC(rg), (2)

here ωg(rg) is the weighting factor, pA(rg) is the partition func-
ion, and FXC(rg) is the exchange-correlation functional. The
ther terms in Eq. (1), which are evaluated by the analytical
ntegration with the Kohn–Sham orbitals, are partitioned into
heir energy densities on the analogy of Mulliken population
nalysis [2].

.3. Atomization energy

The EDA analysis is performed with the geometry optimized
y the plane-wave pseudopotential method. For binary hydrides,
H, the respective atomic energy densities of M and H are

elated closely to the nature of the chemical bond relevant to M
nd H atoms in MH. When the energy of the isolated neutral
tom, Eatom

M (or Eatom
H ), is taken as a reference, the atomization

nergy, �EM (or �EM) is defined as,

EM = Eatom
M − E

hydride
M , (3)

EH = Eatom
H − E

hydride
H , (4)

here E
hydride
M and E

hydride
H are the atomic energy densities for

and H in MH, respectively. In case of the perovskite-type
ydrides, M1M2H3, �EM is defined as (�EM1 + �EM2)/3, that
s the average atomization energy of M1 and M2 to be counted
er hydrogen atom. The cohesive energy, Ecoh, of the hydride
er hydrogen atom is defined as,

EM + �EH = Ecoh (5)
ere, the energy of the isolated atom is used as a reference fol-
owing the definition of Ecoh given by Kittel [26]. Thus,�EM and

EH are the components of Ecoh. So, each of atomization energy
nergies become a measure of the chemical bonding effect of the
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Table 2
Calculated atomization energy for binary hydrides and perovskite-type hydrides
(eV)

�EM �EH �EM1 �EM2 �EM �EH

NaH 4.58 −0.19 NaMgHs 1.38 1.64 1.01 2.72
MgH2 0.76 2.96 KMgHs −0.74 −1.27 −0.67 4.10
KH −1.11 4.49 RbMgHs −0.22 0.40 0.06 3.34
CaH2 −1.45 4.99 RbCaHs −1.10 −1.03 −0.71 4.79
RbH −5.11 8.45 CaNiHs −5.89 −4.83 −3.57 8.80
SrH2 −4.05 5.79 SrPdHs −3.47 −14.47 −5.98 10.33
N
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those of typical elements (i.e., NaH, MgH2, KH, CaH2, SrH2
and RbH). Thus, transition elements could stabilize the hydro-
gen state remarkably in the binary hydrides probably owing to
ig. 2. Calculated and experimental heat of formation for binary hydrides.

lement on the stability of the hydrides. By setting that y = �EH
nd x = �EM, we obtain a relation, y = −x + Ecoh. So, Ecoh is
xpressed as a point of intersection between this line and y-axis
t x = 0.

. Results and discussion

.1. Heat of formation and cohesive energy for binary
ydrides

First, to show the reliability of the present calculation, the
eat of formation, �H, for binary hydrides, MHn, is calcu-
ated assuming that M + (n/2)H2 → MHn and compared with the
xperiment [27]. As shown in Fig. 2, there is good agreement
etween the calculated and the experimental values.

The cohesive energy, Ecoh, is a measure of the electronic
tability of hydrides. As shown Table 1, the difference between
he calculated and the experimental values for Ecoh lies within
.44 eV [28]. Thus, the present calculation is performed in a
easonable manner.

.2. Atomization energy diagram
The calculated atomization energies are listed in Table 2.
n every perovskite-type hydride, the value of �EH is larger
han �EM1 and �EM2, indicating that hydrogen contributes
ignificantly to the electronic stability of these hydrides.

able 1
alculated and measured cohesive energy for binary hydrides (eV)

Ecoh (Calculated) Ecoh (Experimental)

aH 4.39 3.96
gH2 3.34 3.41
H 3.38 3.78
aH2 4.27 4.12
bH 3.34 3.64
rH2 3.76 4.04
iH 7.20 7.32
dH 6.17 6.58 F

h

iH −4.44 11.64
dH −10.29 16.46

For perovskite-type hydrides and their constituent metal-
ased binary hydrides, a �EH versus �EM diagram is
onstructed in an energy scale as shown in Fig. 3. This �EH
ersus �EM diagram is hereafter called “atomization energy dia-
ram”. By using this atomization energy diagram, every hydride
an be shown in one figure, although there are significant differ-
nces in the nature of the chemical bond among them.

As a whole, there is a clear trend that �EH increases with
ecreasing �EM. �EH is positive, but �EM is negative in most
ases. Thus, the hydrogen state is more stabilized in the hydride
han in the isolated atomic state, while the M state is destabilized
n most hydrides. In other words, the stabilized H state emerges
n compensation for the destabilized M state in most hydrides.
rom this view point, NaH is a unique hydride where the Na
tate is stabilized rather than the H state. An ionic crystal, NaCl
as the same trend as NaH.

.2.1. Binary hydrides
Needless to say, when the hydrides have a resemblance in the

hemical bonding state, their locations are close to each other
n the diagram. For example, binary hydrides of transition ele-

ents (i.e., NiH and PdH) appear in the higher �E region than
ig. 3. Atomization energy diagram for perovskite-type hydrides and binary
ydrides.
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elements such as Ti and Zr. As a whole, there is a trend that �EM
and �EO are both positive in most cases. This is in contrast with
the trend of negative �EM and positive �EH observed in the
Y. Shinzato et al. / Journal of Alloys

he covalent interaction operating between hydrogen and tran-
ition elements. On the other hand, binary hydrides of typical
lements have a lower �EH, probably owing to the ionic inter-
ction mainly operating between hydrogen and typical elements
n them. As a result, binary hydrides of transition elements have
arger cohesive energy, Ecoh, than those of typical elements, as
isted in Table 1.

Among binary alkali metal hydrides with the same crystal
tructure, the atomization energy for hydrogen, �EH, changes
n the order, NaH < KH < RbH. According to the Mulliken pop-
lation analysis [2], the net charges on the hydrogen atom in
hem change in the order, NaH (−0.55) > KH (−0.71) ≈ RbH
−0.71). This means that charge transfer occurs from metal to
ydrogen atoms in them. The amount of transferred charges is
arger in KH and RbH than in NaH, in agreement with the elec-
ronegativity of each metal atom. Thus, the hydrogen state in
hese hydrides is stabilized to some extent by the charge trans-
er. However, such a traditional analysis never explains a whole
eature of the atomization energy diagram expressed in an energy
cale.

.2.2. Perovskite-type hydrides
For any perovskite-type hydrides, M1M2H3, it is known that

he M1–H and M2–H interactions are rather ionic in charac-
er, even though covalent character still remains to some extent
n the M2–H bond because of the shorter M2–H distance than
he M1–H one. This is the case of the perovskite-type hydrides
f typical elements (e.g., NaMgH3, RbCaH3). On the other
and, the covalent character further increases in case when M2
s a transition element. This is the case of the perovskite-type
ydrides of transition elements (e.g., CaNiH3 and SrPdH3). As a
esult, CaNiH3 and SrPdH3 possess a larger �EH than NaMgH3
nd RbCaH3 as shown in Fig. 3.

In addition, this diagram enables us to understand the chem-
cal reaction for the formation of pervoskite-type hydrides. For
xample, for a chemical reaction, NaH + MgH2 → NaMgH3, it
s found that NaMgH3 is located just in between NaH and MgH2
n this diagram. This indicates that NaMgH3 inherits the nature
f the chemical bond from NaH and MgH2 to some extent. This
rend is seen in the other perovskite-type hydrides as shown in
ig. 3.

Among the Mg-based perovskite-type hydrides, M1MgH3
M1 = Na, K, Rb), NaMgH3 and RbMgH3 are located near

gH2 rather than NaH or RbH. The chemical bond in NaMgH3
nd RbMgH3 has a resemblance to the chemical bond in MgH2
o some extent. On the other hand, KMgH3 is located near KH
ather than MgH2. So, there is a resemblance in the chemical
ond between KMgH3 and KH. However, fine adjustment to the
hemical bond still takes place in these hydrides, as explained
n Section 3.3.

.3. �EM1 versus �EM2 diagram
A �EM1 versus �EM2 diagram is also constructed on the
asis of the present calculation to understand the role of metal
lements in the formation of the chemical bond in the hydride.
he results are shown in Fig. 4. �EM1 (or �EM2) is a mea-

F
o

Fig. 4. �EM1 vs. �EM2 diagram for perovskite-type hydrides.

ure of the M1 (or M2) contribution to the cohesive energy
f the perovskite-type hydride. A line showing a relation,
EM1 = �EM2, is drawn in Fig. 4. All the pervoskite-type

ydrides except for SrPdH3 are located along this line. This
mplies that the M1 and M2 metallic states are well balanced
n the perovskite-type hydrides, and their contribution to the
ohesive energy is nearly equal. However, such a balance is no
onger present in SrPdH3 containing Pd, where the strong cova-
ent interaction between Pd and H atoms breaks the balance,
esulting in a large, negative �EPd and in a large, positive �EH,
hile showing a small, negative �ESr.

.4. Comparison between perovskite-type hydrides and
xides

The atomization energy diagram is shown in Fig. 5 for the
erovskite-type oxides, M1M2O , where M2 are the transition
ig. 5. Atomization energy diagram for perovskite-type oxides and binary
xides.
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erovskite-type hydrides as shown in Fig. 3. In addition, there
s a trend that �EO decreases with increasing �EM. As a result,
coh lies in the range of 9–12 eV, which is larger than the value

or hydrides listed in Table 2. Also, most of the binary oxides
ontaining transition elements appear in the higher �EO region
han the oxides containing typical elements, which is also found
n the perovskite-type hydrides as explained earlier. In addition,
t is stressed here that the perovskite-type oxides, M1M2O3, are
ocated near the binary oxides, M2On, in the diagram, indicating
hat the perovskite-type oxide, M1M2O3 inherits the nature of
he chemical bond mainly from M2On.

In Fig. 5, all the oxides follow a simple trend
EO = −�EM + Ecoh (= nearly constant). This is attributable to

he smaller change in the Ecoh value among the oxides, as com-
ared to the relatively larger change in both �EO and �EM. In
ther words, the electronic states of M and O atoms are adjusted
argely depending on M, so as to keep an Ecoh value nearly con-
tant. Thus, a beautiful energy balance lying between the M and

atoms probably causes a simple trend in the oxides. Such a
rend is also seen in the hydrides as shown in Fig. 3.

However, when constituent elements is fixed, this is not the
ase. One extreme example is seen in organic liquid systems,
enzene (C6H6), cyclohexane (C6H12), naphthalene (C10H8)
nd decalin (C10H18). These are important organic systems for
ydrogen storage. In these four systems, every �EH value is
early same and only the �EC values vary largely depending
n the molecules. So, the sum of them defined as Ecoh changes
ignificantly with the molecules, and hence a simple trend is no
onger satisfied in them.

. Conclusion

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

An atomization energy diagram is constructed for the first
ime to treat the chemical interactions in the perovskite-type
ydrides and oxides in an energy scale. The diagram reflects well
haracteristics of the chemical bond, for example, the atomiza-
ion energy of hydrogen (or oxygen) changes largely with the
ovalent or ionic interactions. Also, since the sum of the atom-
zation energy equals the cohesive energy, each of atomization
nergies becomes a measure of the chemical bonding effect of
he element on the stability of the hydride (or oxide). The atom-
zation energy is balanced well among the constituent elements.
or example, for the perovskite-type hydrides, M1M2H3, being
omposed of typical elements, M1 and M2, fine adjustment to the
hemical bond makes a nice balance in the atomization energy
etween M1 and M2, i.e., �EM1 ≈ �EM2.
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