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First-principles study on 3d transition-metal dihydrides
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The ultrasoft pseudopotential calculations are performed for the CaF2-type dihydrides TiH2 , VH2, and
CrH2. The calculated lattice constants agree well with the experimental data except for CrH2. We also perform
calculations for a solution of hydrogen in Fe and Ni and obtain the site preferences correctly. The results for the
heats of formation and heats of solution show that the calculations give the correct trends for exothermic
through endothermic reactions but overbind hydrogen with transition metals, typically about 20 kJ/mol H2.
This overbinding is improved by including the zero-point energy correction. The energetics of binary dihy-
drides including hypothetical FeH2 and NiH2 is discussed in term of three contributions: namely, the structural
transformation energy, the lattice expansion energy, and the hydrogen insertion energy. The former two con-
tributions are understood from the nature of the host metals. The hydrogen insertion energy can be represented
by a simple geometric model. The extension of this model is also suitable for alloy dihydrides.
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I. INTRODUCTION

The heat of formation is the most fundamental and imp
tant quantity for hydrides, in particular, considering applic
tion to hydrogen storage systems. It is crucial to control
heat of formation for designing hydrogen storage materi
on which the condition for hydrogenation and dehydroge
tion depends strongly. Several models1–5 have been propose
for the heat of formation~solution!. Semiempirical ap-
proaches such as the embedded-atom model6 have been ap-
plied successfully for the metal-hydrogen systems.7,8 First-
principles calculations have been also utilized to stu
various properties,9–14but a theoretical prediction of the he
of formation is still rare.9,13

In this work, we study the 3d transition-metal dihydrides
in the CaF2-type structure using first-principles calculation
The first-row transition metals are favorable in applicatio
because of their relative low densities. The CaF2-type dihy-
dride is commonly observed for the early transition met
and their alloys and is an important class of hydrogen stor
alloys, such as a Ti-V-Cr alloy.15 One of our purposes is to
examine the accuracy of the theoretical prediction. To t
end, the solution of hydrogen in Fe and Ni is considered
examples of endothermic reactions, in addition to the di
drides TiH2 , VH2, and CrH2. The other purpose is to unde
stand the energetics of dihydride formation. Hydrogenat
affects the host metal lattice and induces various effects s
as lattice expansion and structural transformation, which
not taken into account in the early models.1–3 These contri-
butions to the heat of formation are not clear. Therefore,
decompose the heat of formation into the contribution of
lattice deformation and that of the hydrogen-metal inter
tion, and discuss them separately.

The rest of this paper is organized as follows: In Sec.
our theoretical approach is described. Section III presents
results, and the discussions of the results are given in Sec
Section V summarizes the main results of this study. We
units of kJ/mol H2 for the energies related to hydrogenatio
where 1 eV/H2596.48 kJ/mol H2.
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II. METHOD

The present calculations have been performed using
ultrasoft pseudopotential method16 based on density func
tional theory.17 The generalized gradient approximatio
~GGA! proposed by Perdew, Burke, and Ernzerhof18 is used
for the exchange-correlation energy.

All pseudopotentials are constructed from the results
scalar-relativistic all-electron calculations.19 The pseudo
wave functions and the pseudoaugmentation charge fu
tions are optimized by a method similar to that proposed
Rappeet al.20 The hydrogen pseudopotential is construct
for 1s and 2p states, where a single-projector function
employed for each angular momentum component.
transition-metal atoms, 3d,4s, and 4p states are chosen a
reference states. We use double-projector functions for thd
component and a single-projector function for thes and p
components. The partial core correction21 is adopted to en-
hance the transferability of the pseudopotentials. For Ti,
and Cr, pseudopotentials including 3s and 3p states as va-
lence are also generated in order to check the effects of
shallow semicore states. In this setup, thes, p, andd com-
ponents are treated with double-projector functions. We w
refer to these pseudopotentials as thescpseudopotentials. As
shown latter, the semicore states have only minor effects
the hydrides studied here, and so we will present the res
obtained using the frozen-semicore pseudopotentials ot
wise noted.

In solid-state calculations, the Kohn-Sham equation
solved by the iterative diagonalization scheme22 and the
Broyden charge mixing method23 is adopted to accelerate th
convergence. The macroscopic stress tensor and the at
forces are utilized for structural optimization.24 During the
optimization process, the partial occupation numbers n
the Fermi level are determined by the Fermi-Dirac distrib
tion function withkBT5331023 hartree and the free-energ
functional25 is minimized instead of the Kohn-Sham ener
functional. Then, the Kohn-Sham energy functional is mi
mized with the improved tetrahedron method26 at the opti-
mized structure. The heat of formation is obtained by s
©2002 The American Physical Society14-1
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tracting the total energies of the bulk metal and the molec
hydrogen from that of the metal hydride.

The pseudo wave functions are expanded by plane wa
with a cutoff energy equal to 15 hartrees. The cutoff ene
for the charge density and potential is set to be 120 hartr
The number ofk sampling points is described in the follow
ing sections. The errors of the heat of formation~and solu-
tion! caused by the finite cutoff energy andk sampling points
are estimated to be less than 1 kJ/mol H2.

III. RESULTS

The results of the lattice constants and the cohesive
ergy for the bulk transition metals are shown in Table
including those obtained using thesc pseudopotentials. Fo
Cr, which is an incommensurate antiferromagnet in
ground state, the commensurate antiferromagnetic struc
has been assumed by doubling the unit cell. For Fe and
the ferromagnetic structure has been taken into account
have employed a 1231238 k-point grid for Ti, 10310
310 grid for Cr, and 12312312 grids for the others. The
calculated lattice constants agree very well with the exp
mental values. The spin magnetic moments are obtaine
2.25mB and 0.62mB for Fe and Ni, respectively. These a
also in good agreement with the experimental value27

(2.22mB for Fe and 0.61mB for Ni!. The cohesive energie
are overestimated except for Cr.

The calculation for the molecular hydrogen has been p
formed using a cubic supercell with size of 63636 Å3.
The bond length is predicted as 0.768 Å and the bind
energy as 432 kJ/mol H2. The agreement with the exper
mental data~0.741 Å and 456 kJ/mol H2) is fairly good.

Table II shows the results of the lattice constants and

TABLE I. Lattice constantsa and c ~Å! and cohesive energy
Ecoh (eV) of bulk transition metals. The results obtained using
pseudopotential including the semicore states are labeledsc. For Cr,
the commensurate antiferromagnetic structure is assumed. Fo
and Ni, the ferromagnetic structure is taken into account.

Structure a c Ecoh

Ti hcp 2.956 4.689 5.98 Present
2.950 4.657 5.92 Present~sc!
2.95 4.68 4.85 Expt.a

V bcc 3.014 — 6.65 Present
2.997 — 6.53 Present~sc!
3.03 — 5.31 Expt.a

Cr bcc 2.878 — 4.03 Present
2.872 — 4.03 Present~sc!
2.88 — 4.10 Expt.a

Fe bcc 2.851 — 5.40 Present
2.87 — 4.28 Expt.a

Ni fcc 3.524 — 6.25 Present
3.52 — 4.44 Expt.a

aReference 27.
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heats of formation for the CaF2-type transition-metal dihy-
drides. The results obtained using thescpseudopotentials are
also indicated. Fork-point sampling, 10310310 grids have
been used. For TiH2, the tetragonal structure is found co
rectly though the tetragonal distortion is somewhat sma
than the experimental data. The heat of formation is p
dicted as2145 kJ/mol H2, which is about 20 kJ/mol H2
lower than the experimental value. The accuratesc pseudo-
potential gives almost identical results. The origin of t
cubic-to-tetragonal distortion is thought to be a Jahn-Te
effect. In Figs. 1~a! and 1~b!, we plot the energy dispersio
curves of TiH2 in the cubic and tetragonal phases, resp
tively. In the cubic phase, a doubly degenerate flat bra
across the Fermi level is observed. The tetragonal distor
lifts the degeneracy of this branch and makes the one f
occupied and the other almost unoccupied. The underest
tion of the tetragonal distortion might be attributed to usi
the Fermi-Dirac function with moderate temperature dur
the structural optimization process, which reduces the ene

e

Fe

TABLE II. Lattice constantsa andc ~Å! and heats of formation,
DH(kJ/mol H2), of CaF2-type transition-metal dihydrides. The re
sults obtained using the pseudopotentials including the semi
states are labeledsc.

Structure a c DH

TiH2 Tetra. 4.486 4.352 2145 Present
4.480 4.347 2142 Present~sc!
4.53 4.28 2124 Expt.a

VH2 Cubic 4.234 — 265 Present
4.223 — 261 Present~sc!
4.27 — 240 Expt.a

CrH2 Cubic 4.103 — 17 Present
4.101 — 19 Present~sc!
3.86 — Expt.b

aReference 28.
bReference 29.

FIG. 1. Energy dispersion curves of TiH2 in the ~a! cubic phase
and~b! tetragonal phase. The curves are plotted in theG-L direction
of the fcc Brillouin zone for the cubic phase and the correspond
direction in the fct Brillouin zone for the tetragonal phase. T
origin of the energy is set to be the Fermi level.
4-2
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FIRST-PRINCIPLES STUDY ON 3d TRANSITION- . . . PHYSICAL REVIEW B 65 155114
gain of the Jahn-Teller distortion. Because the contribut
of the tetragonal distortion to the heat of formation is bel
1 kJ/mol H2 in our calculation, we can expect that this co
tribution is less important for the energetics of hydri
formation.

For VH2, the calculated lattice constant agrees well w
the experimental value. The heat of formation is obtained
265 kJ/mol H2, which is 25 kJ/mol H2 lower than the ex-
perimental data. The results of thesc pseudopotential are
almost same. We confirm the stability of the cubic phase
applying the tetragonal and trigonal distortions to it. F
CrH2, there is remarkable difference between the predic
lattice constant and the measured one. The heat of forma
is predicted as 17 kJ/mol H2. To our knowledge, no experi
mental data have been published for CrH2. Using the sc
pseudopotential, the results are hardly changed and the
crepancy found for the lattice constant is not improved. T
reason for this discrepancy is uncertain. In this connect
the discussion will be presented in the next section. The
bility of the cubic phase is proved by the same way as
case of VH2.

Figure 2 depicts the density of states~DOS! for TiH2 ,
VH2, and CrH2. These are well described in a rigid ban
model. The states at the Fermi level consist of the metad
states and the relative positions of these states shift lo
energies as increasing the number of valence electrons.
hydrogen-induced states are observed below the metd
states as the double-peaked shapes.

The heats of solution of hydrogen in Fe and Ni have be
calculated using supercells containing 16 metal atoms.
employ 63636 k-point grids. The lattice constants are fixe
at the theoretical values of the bulk metals and the ato

FIG. 2. Density of states for CaF2-type transition-metal dihy-
drides. The shaded parts indicate the partial density of state
hydrogen atoms. The origin of the energy is set to be the Fe
level.
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positions are only allowed to relax. For both Fe and Ni,
consider two hydrogen positions, the tetrahedral~T! and oc-
tahedral~O! interstices. The results are summarized in Ta
III. For Fe, the heat of solution for theT-site occupation is
lower than that for theO-site occupation, which is consisten
with the fact that the observed hydrogen position isT site.
The heat of solution obtained forT-site occupation is
36 kJ/mol H2, which is 22 kJ/mol H2 lower than the mea-
sured value. For Ni, it is also predicted correctly that t
O-site occupation which is observed experimentally h
lower heat of solution than theT-site occupation. The calcu
lated value for theO-site occupation, 22 kJ/mol H2, is
10 kJ/mol H2 smaller than the experimental one. In order
check the effect of the supercell size, we repeat calculati
using the supercell containing 32 metal atoms for theO-site
occupation in Fe, for which the size effect is expected to
emphasized because the local uniaxial strain is consider
introduced by a H atom. Using the larger supercell, the h
of solution is lowered by 6 kJ/mol H2. In the cases of the
occupation observed experimentally, the effect of the sup
cell size is probably more smaller, because of the small lo
strain introduced by H.

IV. DISCUSSION

A. Accuracy

Overall, the theoretical prediction gives correct trends
hydrogenation for exothermic through endothermic re
tions. The calculations overbind hydrogen with transiti
metals, typically about 20 kJ/mol H2. The large errors found
for the cohesive energies of the bulk metals, which are of
order of 100 kJ/mol, do not affect the heats of hydroge
tion strongly. This will be due to the fact that a large part
the errors comes from the atomic calculations. In this stu
the atomic energies have been calculated for the experim
tal ground-state configurations, where spherical symme
was assumed using partial occupation numbers. The cohe
energies, or atomic reference energies, may be improve
lifting this symmetry restriction.31

The underestimation for the binding energy of H2 mol-
ecule may be another source of errors. The core radius o
H pseudopotential has been chosen asr c50.56 Å, which is
somewhat large to treat the short bond length of H2. To

of
i

TABLE III. Heats of solution of hydrogen in Fe and N
DH`(kJ/mol H2) and the interatomic distance between hydrog
and surrounding metal atoms,dH-M (Å). The value in parentheses
shows the deviation from the unrelaxed geometry.

Site DH` dH-M

Fe T 36 1.660~4%! Present
O 70 1.567~10%!, 2.010~0%! Present
T 58 Expt.a

Ni T 73 1.609~5%! Present
O 22 1.796~2%! Present
O 32 Expt.a

aReference 28.
4-3
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KAZUTOSHI MIWA AND ATSUO FUKUMOTO PHYSICAL REVIEW B 65 155114
check this problem, we repeat calculations using the ha
H pseudopotential ofr c50.39 Å with the large cutoff en-
ergy of 50 hartrees. The bond length of H2 is improved as
0.750 Å and the binding energy as 440 kJ/mol H2. However,
the heat of formation is obtained as263 kJ/mol H2 for VH2
and no improvement is attained.

The overbinding for the hydrogenation of 3d transition
metals is thought to be intrinsic nature of the calculatio
Note that the sign of errors for the heat of formation depe
on the bonding character of hydrides: For MgH2, we have
found the underbinding of 20 kJ/mol H2.

B. Zero-point energy

In first-principles calculations, the ions are treated as c
sical particles and quantum mechanical effects are igno
Because of the light mass of hydrogen, the magnitude of
zero-point energy becomes comparable with the result
the heats of formation~solution!. In order to estimate this
effect, we calculate the zero-point energy correction wit
the harmonic approximation for the cases where the exp
mental data of the heats of formation~solution! are available.

For TiH2 and VH2, the contribution of both the metal an
hydrogen atoms are taken into account. The phonon DO
calculated by the force-constant method32 using supercells
containing 54 and 32 metal atoms for the bulk metals a
dihydrides, respectively. The atomic displacement is cho
to be 0.02 Å. The results of phonon DOS are shown in F
3. For both TiH2 and VH2, the hydrogen vibrational state
are located around 0.16 eV and separated well from
metal states. The contribution of the low-energy metal sta
is expected to be small. The zero-point energies obtai
from these DOS as well as the corrected heats of forma
are summarized in Table IV, where the calculated value
0.27 eV is used for the zero-point energy of the H2 molecule.
The heats of formation are improved by the zero-energy c
rection and the agreement with the experimental data
comes very good.

FIG. 3. Phonon density of states for bulk metals and CaF2-type
dihydrides.
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For the solution of hydrogen in Fe and Ni, we assume t
the masses of the metal atoms are infinitely large and th
are immobile~the vibration of H in the fixed metal lattice i
considered!. Supercells containing 16 metal atoms which a
fixed at the optimized positions are used. The zero-point
ergy of hydrogen at theT site in Fe is estimated as 0.24 e
which is in good agreement with the values obtained fr
the the quantum mechanical calculations,33 240624 meV.
The heat of solution is improved considerably
57 kJ/mol H2. For hydrogen at theO site in Ni, the zero-
point energy and the corrected heat of solution are obtai
as 0.15 eV and 25 kJ/mol H2, respectively. The agreemen
with the experimental value becomes better.

Although the the zero-point energy correction is importa
for the quantitative prediction,34 we expect that this correc
tion has only a small influence on the difference of the he
of formation between the CaF2-type dihydrides considered
here. Therefore, we discuss the energetics of the dihyd
formation ignoring the the zero-point energy correction
the following.

C. Energetics of binary transition-metal dihydrides

We decompose the heats of formation of the CaF2-type
transition-metal dihydrides into three contributions:~i! the
structural transformation of each host metal to a nonm
netic fcc structure,~ii ! the lattice expansion of the host met
in the fcc structure from its equilibrium spacing to that
dihydride, and~iii ! the insertion of hydrogen atoms into th
expanded fcc metal. The former two contributions indica
the deformation of the host metals and are determi
mainly from the nature of the metals, where the effects of
hydrogen-metal interaction appear implicitly through t
amount of lattice expansion. The hydrogen-metal interact
reflects the last contribution. The results of energy decom
sition are shown in Fig. 4, where we include hypothetic
FeH2 and NiH2 to examine the chemical trends along the 3d
series in the periodic table. The heats of formation are p
dicted as 69 and 16 kJ/mol H2 for FeH2 and NiH2, respec-
tively. The structural transformation energy of Ti is sma
because of the similarity between the hcp and fcc structu
For Ni, this energy cost is due to the elimination of th
ferromagnetic structure and also small. The other me
have bcc structure, for which the contribution of the stru
tural transformation energy is moderate.

The lattice expansion energy increases with increasing
atomic number until Fe and decreases for Ni. This trend
be understood from thed-band filling. Considering the

TABLE IV. Heats of formation of CaF2-type dihydrides includ-
ing zero-point energy correction. The zero point energies of the h
metals,Ezero

M , and those of the dihydrides,Ezero
MH2 , are given in eV

and the heats of formation,DHcorr , in kJ/mol H2. The calculated
value of 0.27 eV is used for the zero-point energy of H2 molecule.

Ezero
M Ezero

MH2 DHcorr

TiH2 0.03 0.51 2125
VH2 0.04 0.53 243
4-4
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simple model proposed by Friedel,35 transition metals have
the maximum in cohesion at the center of the transiti
metal series, where thed bands are half-filled. Hence, th
energy cost for lattice expansion also becomes maximum
the middle of the 3d series. The calculated lattice constan
and bulk moduli of the metals in the nonmagnetic fcc str
ture are plotted in Fig. 5. This plot supports the abo
consideration.

The remaining contribution is the hydrogen insertion e
ergy. We have found that this contribution can be descri
by a simple geometric model. Figure 6 shows the hydro
insertion energyEI as a function of the hydrogen-metal in
teratomic distanceR. The points represent the calculated v
ues, where the left~right! end point for each element corre
sponds to the equilibrium lattice spacing without~with!
hydrogen atoms. The tetragonal distortion of TiH2 is ne-
glected for simplicity. The relation betweenEI andR can be
approximately represented by a single curve, regardles
the host metals. This indicates that the hydrogen-metal in
atomic distance, or interstitial hole size, is a dominant fac
for the hydrogen insertion energy. According to Griesse4

the calculated points are fitted to the following analy
function:

EI5aR2n2b. ~1!

WhenEI is expressed in kJ/mol H2 andR in Å, we get the
parameters asa51.3933104, b52.6803102, and n
57.723 with a root-mean-square deviation
7.4 kJ/mol H2. This function is shown as the solid curve
Fig. 6. The value of powern is about 2 times larger than tha
suggested by Griessen for the heat of solution at infin
dilution. The main reason is most likely due to the hydroge

FIG. 4. Decomposed energies for formation of CaF2-type
transition-metal dihydrides. The black, gray, and white parts in
cate the structural transformation energy, the lattice expansion
ergy, and the hydrogen insertion energy, respectively.
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hydrogen interaction in the CaF2-type dihydrides, which is
also an important factor and is implicitly evaluated fromR in
Eq. ~1!. Therefore, the applicability of Eq.~1! will be re-
stricted in this type of dihydrides.

The hydrogen insertion energies are negative for all m
als considered here. The heats of formation are determ
by the cancellation between this energy gain and the ene
cost for the lattice deformation~the structural transformation
and the lattice expansion!. From Ti to Fe, the variation of
both contributions is apparent: The energy gain decrea
and the cost increases, so that the heats of formation
monotonically from strongly negative to positive. For Ni, th
energy gain is almost the same as Fe but the cost for

FIG. 5. Lattice constant and bulk modulus of 3d transition met-
als in the nonmagnetic fcc structure.

FIG. 6. Hydrogen insertion energy for CaF2-type transition-
metal dihydrides as a function of hydrogen-metal interatomic d
tance. Points represent the calculated values, where the tetra
distortion is neglected for TiH2. The solid curve shows the result o
fitting ~see in the text!.
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lattice deformation becomes small. This is responsible
the small positive formation energy of NiH2. The similar
analysis for the 4d transition-metal hydrides will be interes
ing because of the exothermic reaction between Pd and
which is the noble exception in the late transition metals

D. Application to alloy dihydrides

For alloys, Eq.~1! must be modified to describe the loc
environment dependence. The most straightforward ex
sion is the following form:

EI5
a

4NH
(
j 51

4NH

Rj
2n2b, ~2!

whereNH is the number of H atoms andj runs over H atoms
and their nearest-neighbor metal atoms. In order to eval
the applicability of this, we consider the CaF2-type dihydride
of a Ti-V-Cr alloy. The composition is set to be Ti6V10Cr8H48
and a supercell containing 24 metal atoms is used. The
dering of the metal atoms assumes it to be random an
determined by means of special quasirandom structure36

Hydrogen atoms are placed in allT interstices of the fcc
metal lattice. The structural optimization is fully performe
for the cell shape and the atomic positions. The average
tice constant calculated from the optimized cell volume
4.239 Å. The interatomic distances between hydrogen
metal atoms are close to those of binary dihydrides, but v
in a range of about 0.1 Å, as shown in Fig. 7.

From Eq.~2!, the hydrogen insertion energy is predict
as 2139 kJ/mol H2. This value agrees very well with
2142 kJ/mol H2 which is obtained from the additional tota
energy calculation for the supercell removing H atoms. T
extended form of Eq.~2! is suitable for alloy dihydrides. In
practical applications, it may be convenient to add the c
rection termDb.20 to Eqs.~1! and ~2! in order to remedy
the overbinding nature of the calculations.

E. Chromium hydrides

The deviation of the calculated lattice constant from
measured one for CrH2 is 6%, which is considerably large

FIG. 7. Partial radial distribution functions of Ti6V10Cr8H48.
The Gaussian broadening with a width of 0.01 Å is used. The
rows indicate the hydrogen-metal interatomic distances of cu
binary dihydrides TiH2 , VH2, and CrH2.
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than the errors of typical GGA calculations. To examine t
accuracy of our calculations for the Cr-H system, we perfo
calculations for CrH in the anti-NiAs structure. As shown
Table V, the calculated lattice constants are fairly go
agreement with the experimental data. In Ref. 29, CrH2 was
detected as the cubic hydride in which Cr atoms formed a
lattice, and the authors postulated the positions and con
of H atoms. Therefore, a possible explanation for the la
deviation in the lattice constant may be that the number o
atoms is less than 2 per Cr atom and/or the positions are
only the tetrahedral site. In Table V, we also indicate t
results for CrH in the zinc-blende and NaCl structures, wh
are simple examples of fcc-based metal monohydrides.
lattice constant comes closer to the measured value in
structures, but the heat of formation in the zinc-blende str
ture is a moderate positive value, indicating that this phas
unstable. The heat of formation of NaCl-type CrH is nea
zero and this phase thought to be one of the candidates o
cubic chromium hydride observed experimentally. Note t
the zero-point energy correction is expected to be smaller
NaCl-type CrH than for zinc-blende CrH and CaF2-type
CrH2. More detailed investigations are required theoretica
and experimentally to decide the structure and composi
of the cubic chromium hydride.

V. SUMMARY

We have studied the 3d transition-metal dihydrides by the
ultrasoft pseudopotential method. First, the accuracy of
theoretical prediction for hydrogenation is examined. The
sults for the heats of formation and heats of solution sh
that the calculations give the correct trends for exotherm
through endothermic reactions but overbind hydrogen w
transition metals, typically about 20 kJ/mol H2. This
overbinding is improved by including the zero-point ener
correction. For CrH2, a considerable difference between t
calculated lattice constant and the measured one is foun
this connection, a more detailed investigation is desired.

Next, the energetics of binary dihydrides is discussed
term of three contributions: namely, the structural transf
mation energy, the lattice expansion energy, and the hy
gen insertion energy. The former two contributions are u
derstood from the nature of the host metals. The hydro
insertion energy can be represented by a simple geom
model. The extension of this model is also suitable for al

r-
ic

TABLE V. Lattice constantsa andc ~Å! and heats of formation,
DH(kJ/mol H2), of CrH.

Structure a c DH

Anti-NiAs 2.685 4.368 214 Present
2.72 4.42 Expt.a

Zinc-blende 3.915 — 59 Present

NaCl 3.797 — 4 Present

aReference 30.
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dihydrides. Although the predictive power of the model
still limited because of the requirement of atomic configu
tions in alloy dihydrides, we think that the simplicity of th
model is useful for considering various effects such as all
ing and substitution.
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