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First-principles study on 3d transition-metal dihydrides
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The ultrasoft pseudopotential calculations are performed for the-§@E dihydrides TiH, VH,, and
CrH,. The calculated lattice constants agree well with the experimental data except foM@&Hlso 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 H
This overbinding is improved by including the zero-point energy correction. The energetics of binary dihy-
drides including hypothetical Fetand NiH, 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 II. METHOD

The heat of formation is the most fundamental and impor- The present calculations have been performed using the

tant quantity for hydrides, in particular, considering applica—umason pseudopotential mettifdbased on density func-

tion to hydrogen storage systems. It is crucial to control théuonal theory.” The generalized gradient approximation

heat of formation for designing hydrogen storage materials(GGA) proposed by Perdew, Burke, and Ernzeffié used

. o - for the exchange-correlation energy.
on which the condition for hydrogenation and dehydrogena All pseudopotentials are constructed from the results of

tion depends strongly. Several modefthave been proposed scalar-relativistic all-electron calculatiofis. The pseudo

for the heat of formation(solution. Semiempirical ap- . .
wave functions and the pseudoaugmentation charge func-
proaches such as the embedded-atom niduele been ap- . L e
. . tions are optimized by a method similar to that proposed by
plied successfully for the metal-hydrogen systéfsirst- 20 e
o . - Rappeet al“” The hydrogen pseudopotential is constructed
principles calculations have been also utilized to study, . . L
. - o_1a . . for 1s and 2 states, where a single-projector function is
various propertie$;**but a theoretical prediction of the heat
R 13 employed for each angular momentum component. For
of formation is still rare” I
transition-metal atoms,B4s, and 4o states are chosen as

In this work, we study the @ transition-metal dihydrides . .
in the Cak-type structure using first-principles calculations reference states. Wg use doqble—prOJectqr functions fodthe
‘component and a single-projector function for thand p

The first-row transition metals are favorable in applications

. . - _ components. The partial core correcfibis adopted to en-
be_cau_se of their relative low densities. The Q'W_e dihy-  hance the transferability of the pseudopotentials. For Ti, V,
dride is commonly observed for the early transition metal

i X ) Sand Cr, pseudopotentials including and 3 states as va-
and their alloys and is an important class of hydrogen storaggnce are also generated in order to check the effects of the

alloys, such as a Ti-V-Cr alloy. One of our purposes is to ghallow semicore states. In this setup, the, andd com-
examine the accuracy of the theoretical prediction. To thisonents are treated with double-projector functions. We wiill
end, the solution of hydrogen in Fe and Ni is considered asefer to these pseudopotentials as $h@seudopotentials. As
examples of endothermic reactions, in addition to the dihyshown latter, the semicore states have only minor effects for
drides TiH,, VH,, and CrH. The other purpose is to under- the hydrides studied here, and so we will present the results
stand the energetics of dihydride formation. Hydrogenatiorobtained using the frozen-semicore pseudopotentials other-
affects the host metal lattice and induces various effects suclise noted.
as lattice expansion and structural transformation, which are In solid-state calculations, the Kohn-Sham equation is
not taken into account in the early mod&ts. These contri-  solved by the iterative diagonalization schéfmand the
butions to the heat of formation are not clear. Therefore, weBroyden charge mixing meth6tis adopted to accelerate the
decompose the heat of formation into the contribution of theconvergence. The macroscopic stress tensor and the atomic
lattice deformation and that of the hydrogen-metal interacforces are utilized for structural optimizatiéhDuring the
tion, and discuss them separately. optimization process, the partial occupation numbers near
The rest of this paper is organized as follows: In Sec. Il,the Fermi level are determined by the Fermi-Dirac distribu-
our theoretical approach is described. Section Ill presents thigon function withkgT=23% 102 hartree and the free-energy
results, and the discussions of the results are given in Sec. Ifunctionaf® is minimized instead of the Kohn-Sham energy
Section V summarizes the main results of this study. We us@unctional. Then, the Kohn-Sham energy functional is mini-
units of kJ/mol H for the energies related to hydrogenation, mized with the improved tetrahedron metfddt the opti-
where 1 eV/H=96.48 kJ/mol H. mized structure. The heat of formation is obtained by sub-
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TABLE |. Lattice constantsa and ¢ (A) and cohesive energy TABLE II. Lattice constants andc (A) and heats of formation,
E.on (eV) of bulk transition metals. The results obtained using theAH (kJ/mol H,), of CaF,-type transition-metal dihydrides. The re-
pseudopotential including the semicore states are lalseldétbr Cr,  sults obtained using the pseudopotentials including the semicore
the commensurate antiferromagnetic structure is assumed. For Btates are labelest.
and Ni, the ferromagnetic structure is taken into account.

Structure a c AH
Structure a c Econ .
TiH, Tetra. 4486  4.352 —145 Present
Ti hcp 2.956 4.689 5.98 Present 4.480 4347 —142 Preseriso)
2.950 4.657 5.92 Presést) 4.53 4.28 —124 Expt?
2.95 4.68 4.85 Expt. i
VH, Cubic 4.234 — —65 Present
\% bcc 3.014 — 6.65 Present 4.223 — -61 Presertso)
2.997 — 6.53 Presefs) 4.27 — —40 Expt®
3.03 — 5.31 Expf :
CrH, Cubic 4.103 — 17 Present
Cr bcc 2.878 — 4.03 Present 4.101 — 19 Prese(so
2.872 — 403  Presefsg 3.86 — Expt?
2.88 — 4.10 Expf.
4Reference 28.
Fe bcec 2.851 — 5.40 Present bReference 29.
2.87 — 4.28 Expt.
Ni fec 3524 o 6.25 Present heats of formation for the CaRype transition-metal dihy-
352 o 4.44 Expf drides. The results obtained using gtgpseudopotentials are

also indicated. Fok-point sampling, 1& 10X 10 grids have
®Reference 27. been used. For Tij the tetragonal structure is found cor-
rectly though the tetragonal distortion is somewhat smaller
tracting the total energies of the bulk metal and the moleculafhan the experimental data. The heat of formation is pre-
hydrogen from that of the metal hydride. dicted as—145 kJ/m_oI H, which is about 20 kJ/mol i
The pseudo wave functions are expanded by plane wavdgwer than the experimental value. The accuist@seudo-
with a cutoff energy equal to 15 hartrees. The cutoff energ)pot(?nual gives aImo_st |d§nt|(_:al results. The origin of the
for the charge density and potential is set to be 120 hartree§ubic-to-tetragonal distortion is thought to be a Jahn-Teller
The number ok sampling points is described in the follow- effect. In Figs. 1a) and 1b), we plot the energy dispersion
ing sections. The errors of the heat of formati@md solu- ~curves of Tik in the cubic and tetragonal phases, respec-

tion) caused by the finite cutoff energy akdampling points ~ tively. In the cubic phase, a doubly degenerate flat branch
are estimated to be less than 1 kJ/mel H across the Fermi level is observed. The tetragonal distortion

lifts the degeneracy of this branch and makes the one fully

occupied and the other almost unoccupied. The underestima-
. RESULTS tion of the tetragonal distortion might be attributed to using
the Fermi-Dirac function with moderate temperature during

The results of the Ia'Ft!ce constants and the c_oheswe ®he structural optimization process, which reduces the energy
ergy for the bulk transition metals are shown in Table I,

including those obtained using thse pseudopotentials. For
Cr, which is an incommensurate antiferromagnet in the
ground state, the commensurate antiferromagnetic structure
has been assumed by doubling the unit cell. For Fe and Ni,
the ferromagnetic structure has been taken into account. We
have employed a 1212X8 k-point grid for Ti, 10<10
x 10 grid for Cr, and 1X 12X 12 grids for the others. The
calculated lattice constants agree very well with the experi-
mental values. The spin magnetic moments are obtained as
2.25u5 and 0.6 for Fe and Ni, respectively. These are
also in good agreement with the experimental vales
(2.22up for Fe and 0.64g for Ni). The cohesive energies
are overestimated except for Cr.

The calculation for the molecular hydrogen has been per-

formed using a cubic supercell with size ox&x6 A%, FIG. 1. Energy dispersion curves of Tikh the (a) cubic phase

The bond length is predicted as 0.768 A and the bindingand(b) tetragonal phase. The curves are plotted inftke direction

energy as 432 kJ/molH The agreement with the experi- of the fcc Brillouin zone for the cubic phase and the corresponding

mental data0.741 A and 456 kJ/mol J is fairly good. direction in the fct Brillouin zone for the tetragonal phase. The
Table Il shows the results of the lattice constants and therigin of the energy is set to be the Fermi level.
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— . 7 T TABLE lll. Heats of solution of hydrogen in Fe and Ni,
4 r TiH, . AH.,(kJ/mol H,) and the interatomic distance between hydrogen
and surrounding metal atoms,,.y (A). The value in parentheses
shows the deviation from the unrelaxed geometry.

= _
= .

g Site AH,, du-m

o LR,

">‘ Fe T 36 1.660(4%) Present
@ 47 VH 1 O 70  1567(10%), 2.010(0%)  Present
3 T 58 Expt?
5] _

k23 2 Ni T 73 1.609(5%) Present
w (0] 22 1.796(2%) Present
8 0 O 32 Expt?

consider two hydrogen positions, the tetrahedfaland oc-

4 1 CrHy ] *Reference 28.
2t ] positions are only allowed to relax. For both Fe and Ni, we

0 . tahedral(O) interstices. The results are summarized in Table
14-12-10-8 6 -4 2 0 2 4 6 8 Ill. For Fe, the heat of solution for th&-site occupation is
Energy (eV) lower than that for th@-site occupation, which is consistent
with the fact that the observed hydrogen positiomTisite.
FIG. 2. Density of states for Caffype transition-metal dihy- The heat of solution obtained forl-site occupation is
drides. The shaded parts indicate the partial density of states &6 kJ/mol H, which is 22 kJ/mol H lower than the mea-
hydrogen atoms. The origin of the energy is set to be the Fermsured value. For Ni, it is also predicted correctly that the
level. O-site occupation which is observed experimentally has
lower heat of solution than th&site occupation. The calcu-

gain of the Jahn-Teller distortion. Because the contributiofat€d value for theO-site occupation, 22 kJ/molH is

of the tetragonal distortion to the heat of formation is below10 kJ/mol B smaller than the experimental one. In order to
1 kJ/mol H; in our calculation, we can expect that this con- ch_eck the effect of the su_pt_arcell size, we repeat caICL_JIatlons
tribution is less important for the energetics of hydride USing the supercell containing 32 metal atoms for @hsite
formation. occupation in Fe, for which the size effect is expected to be

For VH,, the calculated lattice constant agrees well With_emphasized because the Iopal uniaxial strain is considerably
the experimental value. The heat of formation is obtained aitroduced by a H atom. Using the larger supercell, the heat
—65 kJ/mol H, which is 25 kJ/mol H lower than the ex- of solutl_on is lowered by 6_ kJ/mol H In the cases of the
perimental data. The results of thse pseudopotential are occupa’uqn observed experimentally, the effect of the super-
almost same. We confirm the stability of the cubic phase b);:ell size is probably more smaller, because of the small local
applying the tetragonal and trigonal distortions to it. ForStrain introduced by H.

CrH,, there is remarkable difference between the predicted

lattice constant and the measured one. The heat of formation IV. DISCUSSION

is predicted as 17 kJ/molHTo our knowledge, no experi-
mental data have been published for GrHsing thesc
pseudopotential, the results are hardly changed and the dis- Overall, the theoretical prediction gives correct trends of
crepancy found for the lattice constant is not improved. Thehydrogenation for exothermic through endothermic reac-
reason for this discrepancy is uncertain. In this connectiontions. The calculations overbind hydrogen with transition
the discussion will be presented in the next section. The stanetals, typically about 20 kJ/molHThe large errors found
bility of the cubic phase is proved by the same way as théor the cohesive energies of the bulk metals, which are of the
case of VH. order of 100 kJ/mol, do not affect the heats of hydrogena-

Figure 2 depicts the density of statd30S) for TiH,, tion strongly. This will be due to the fact that a large part of
VH,, and CrH. These are well described in a rigid band the errors comes from the atomic calculations. In this study,
model. The states at the Fermi level consist of the metal the atomic energies have been calculated for the experimen-
states and the relative positions of these states shift lowdal ground-state configurations, where spherical symmetry
energies as increasing the number of valence electrons. Theas assumed using partial occupation numbers. The cohesive
hydrogen-induced states are observed below the ntktal energies, or atomic reference energies, may be improved by
states as the double-peaked shapes. lifting this symmetry restrictiori*

The heats of solution of hydrogen in Fe and Ni have been The underestimation for the binding energy of hhol-
calculated using supercells containing 16 metal atoms. Wecule may be another source of errors. The core radius of the
employ 6x 6x 6 k-point grids. The lattice constants are fixed H pseudopotential has been chosem as0.56 A, which is
at the theoretical values of the bulk metals and the atomisomewhat large to treat the short bond length gf Ho

A. Accuracy
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0.6 . . . . TABLE IV. Heats of formation of Caj-type dihydrides includ-
TiH, ing zero-point energy correction. The zero point energies of the host

04| hep—Ti - ] metals,E}. ., and those of the dihydrideEi"e'if, are given in eV

P and the heats of formatiod\H,,, in kJ/mol H,. The calculated

‘—:‘: ; value of 0.27 eV is used for the zero-point energy ofrkblecule.

E 02 . i 1

-§ l i é Eyero EZ;'OZ AH o

% 0.0 heZ—14 ' ' ' TiH, 0.03 0.51 -125

o VH, 0.04 0.53 —43

S | RheesV e

o 047 1

8 i F For the solution of hydrogen in Fe and Ni, we assume that

a 02t 1 the masses of the metal atoms are infinitely large and these

; are immobile(the vibration of H in the fixed metal lattice is

0.0 consideregl Supercells containing 16 metal atoms which are

! ' ' ' fixed at the optimized positions are used. The zero-point en-
0 40 80 120 160 200 ergy of hydrogen at th& site in Fe is estimated as 0.24 eV
Energy(meV) which is in good agreement with the values obtained from
FIG. 3. Phonon density of states for bulk metals and Gspe the the quantum mec_ha”"?a' palculat|6ﬁ§24(}i ,24 meV.
dihydrides. The heat of solution is improved considerably as
57 kJ/mol H. For hydrogen at th@® site in Ni, the zero-
check this problem, we repeat calculations using the hardd?oint energy and the corrected heat of solution are obtained
H pseudopotential of .=0.39 A with the large cutoff en- as 0.15 eV and 25 kJ/molkirespectively. The agreement
ergy of 50 hartrees. The bond length of i$ improved as  With the experimental value becomes better.

0.750 A and the binding energy as 440 kJ/mel However, Although the the zero-point energy correction is important
the heat of formation is obtained a3 kJ/mol H for VH,  for the quantitative predictioff, we expect that this correc-
and no improvement is attained. tion has only a small influence on the difference of the heats

The overbinding for the hydrogenation ofi3ransition ~ ©Of formation between the Cakype dihydrides considered
metals is thought to be intrinsic nature of the calculationshere. Therefore, we discuss the energetics of the dihydride
Note that the sign of errors for the heat of formation dependéormation ignoring the the zero-point energy correction in
on the bonding character of hydrides: For Mghive have the following.
found the underbinding of 20 kJ/mobH

C. Energetics of binary transition-metal dihydrides

B. Zero-point energy We decompose the heats of formation of the Safpe

In first-principles calculations, the ions are treated as clastransition-metal dihydrides into three contributioris: the
sical particles and quantum mechanical effects are ignoredtructural transformation of each host metal to a nonmag-
Because of the light mass of hydrogen, the magnitude of thaetic fcc structureii) the lattice expansion of the host metal
zero-point energy becomes comparable with the results dh the fcc structure from its equilibrium spacing to that of
the heats of formatiorisolution. In order to estimate this dihydride, and(iii) the insertion of hydrogen atoms into the
effect, we calculate the zero-point energy correction withinexpanded fcc metal. The former two contributions indicate
the harmonic approximation for the cases where the experihe deformation of the host metals and are determined
mental data of the heats of formatiolution are available. mainly from the nature of the metals, where the effects of the

For TiH, and VH,, the contribution of both the metal and hydrogen-metal interaction appear implicitly through the
hydrogen atoms are taken into account. The phonon DOS ismount of lattice expansion. The hydrogen-metal interaction
calculated by the force-constant metffodsing supercells reflects the last contribution. The results of energy decompo-
containing 54 and 32 metal atoms for the bulk metals andgition are shown in Fig. 4, where we include hypothetical
dihydrides, respectively. The atomic displacement is choseReH, and NiH, to examine the chemical trends along thee 3
to be 0.02 A. The results of phonon DOS are shown in Figseries in the periodic table. The heats of formation are pre-
3. For both TiK and VH,, the hydrogen vibrational states dicted as 69 and 16 kJ/moLHor FeH, and NiH,, respec-
are located around 0.16 eV and separated well from thévely. The structural transformation energy of Ti is small
metal states. The contribution of the low-energy metal statebecause of the similarity between the hcp and fcc structures.
is expected to be small. The zero-point energies obtaineBor Ni, this energy cost is due to the elimination of the
from these DOS as well as the corrected heats of formatioferromagnetic structure and also small. The other metals
are summarized in Table 1V, where the calculated value ohave bcc structure, for which the contribution of the struc-
0.27 eV is used for the zero-point energy of therfolecule.  tural transformation energy is moderate.

The heats of formation are improved by the zero-energy cor- The lattice expansion energy increases with increasing the
rection and the agreement with the experimental data beatomic number until Fe and decreases for Ni. This trend can
comes very good. be understood from thel-band filling. Considering the
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£ 4.0
100 S
g 38
o
o =0 S 36
=]
S o
£ 0 = 3.4
2 o
N G 250
9 '50 g
L%’ _§ 200
-100
€ 150
&
-150 - V3 100 | : : :
Ti \' Cr Fe Ni
200 W Ti FIG. 5. Lattice constant and bulk modulus af &ansition met-

als in the nonmagnetic fcc structure.
FIG. 4. Decomposed energies for formation of G&fpe

transition-metal dihydrides. The black, gray, and white parts indi-hydrogen interaction in the Caffype dihydrides, which is
cate the structural transformation energy, the lattice expansion erg|so an important factor and is implicitly evaluated fré&n
ergy, and the hydrogen insertion energy, respectively. Eq. (1). Therefore, the applicability of Eq1) will be re-

) ) N stricted in this type of dihydrides.
simple model proposed by Fried€lfransition metals have  The hydrogen insertion energies are negative for all met-
the maximum in cohesion at the center of the transitiony|s considered here. The heats of formation are determined
metal series, where the bands are half-filled. Hence, the py the cancellation between this energy gain and the energy
energy cost for lattice expansion also becomes maximum iggst for the lattice deformatiofthe structural transformation
the middle of the 8 series. The calculated lattice constantsangd the lattice expansi@nFrom Ti to Fe, the variation of
and bulk moduli of the metals in the nonmagnetic fcc structoth contributions is apparent: The energy gain decreases
ture are plotted in Fig. 5. This plot supports the aboveand the cost increases, so that the heats of formation vary
consideration. monotonically from strongly negative to positive. For Ni, the

The remaining contribution is the hydrogen insertion en-energy gain is almost the same as Fe but the cost for the
ergy. We have found that this contribution can be described

by a simple geometric model. Figure 6 shows the hydrogen 200

insertion energyE, as a function of the hydrogen-metal in- ' ' Tiow
teratomic distanc®. The points represent the calculated val- V o
ues, where the lefiright) end point for each element corre- £ 300 Er :
sponds to the equilibrium lattice spacing withoWwith) © I\ﬁ .
hydrogen atoms. The tetragonal distortion of Jii$ ne- _% 200
glected for simplicity. The relation betweés andR can be =
approximately represented by a single curve, regardless of 5 100
the host metals. This indicates that the hydrogen-metal inter- @
atomic distance, or interstitial hole size, is a dominant factor “:’
for the hydrogen insertion energy. According to Griessen, 9 0
the calculated points are fitted to the following analytic §
function: £ -100

E;=aR "-8. (1) -200 L )

1.5 1.6 1.7 1.8 1.9

WhenE, is expressed in kJ/molHandR in A, we get the distance (A)

parameters asa=1.393x10%, B=2.680<10%, and n

=7.723 with a root-mean-square deviation of FiG 6. Hydrogen insertion energy for CaBpe transition-

7.4 kJ/mol H. This function is shown as the solid curve in metal dihydrides as a function of hydrogen-metal interatomic dis-
Fig. 6. The value of powen is about 2 times larger than that tance. Points represent the calculated values, where the tetragonal
suggested by Griessen for the heat of solution at infinitelistortion is neglected for Tijl The solid curve shows the result of
dilution. The main reason is most likely due to the hydrogen+itting (see in the text
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HTi —— TABLE V. Lattice constantg andc (A) and heats of formation,
[ X TR J—— AH(kJ/mol H,), of CrH.
H-Cr -
= - Structure a c AH
c £ ‘.\
; Anti-NiAs 2.685 4.368 —14 Present
s y 2.72 4.42 Expt
& Zinc-blende 3.915 — 59 Present
NacCl 3.797 — 4 Present

< S : ®Reference 30.
1.70 1.75 1.80 1.85 1.90 1.95 2.00

r(A) than the errors of typical GGA calculations. To examine the
FIG. 7. Partial radial distribution functions of gN1CrgHgg.  @ccuracy of our calculations for the Cr-H system, we perform
The Gaussian broadening with a width of 0.01 A is used. The arcalculations for CrH in the anti-NiAs structure. As shown in
rows indicate the hydrogen-metal interatomic distances of cubiCTable V, the calculated lattice constants are fairly good
binary dihydrides Ti, VH,, and CrH. agreement with the experimental data. In Ref. 29, Onds
detected as the cubic hydride in which Cr atoms formed a fcc
Eattice, and the authors postulated the positions and content
of H atoms. Therefore, a possible explanation for the large
|_geviation in the lattice constant may be that the number of H
atoms is less than 2 per Cr atom and/or the positions are not
only the tetrahedral site. In Table V, we also indicate the
results for CrH in the zinc-blende and NaCl structures, which
-~ _ are simple examples of fcc-based metal monohydrides. The
For alloys, Eq(1) must be modified to describe the local |4tice constant comes closer to the measured value in both
environment dependence. The most straightforward extensycrres, but the heat of formation in the zinc-blende struc-

sion is the following form: ture is a moderate positive value, indicating that this phase is

lattice deformation becomes small. This is responsible fo
the small positive formation energy of NjHThe similar

analysis for the d transition-metal hydrides will be interest-
ing because of the exothermic reaction between Pd and
which is the noble exception in the late transition metals.

D. Application to alloy dihydrides

o N unstable. The heat of formation of NaCl-type CrH is nearly
E=—— E R N— 2 zero and this phase thought to be one of the candidates of the
| P j B’ ( ) . . . .
4Ny =1 cubic chromium hydride observed experimentally. Note that

whereN,, is the number of H atoms arjduns over H atoms the zero-point energy corregtion is expected to be smaller for
and their nearest-neighbor metal atoms. In order to evaluafd@Cl-type CrH than for zinc-blende CrH and Gatype

the applicability of this, we consider the Gafype dihydride CrH,. Mor(_e detailed mvest!gatlons are required theoretlcgply
of a Ti-V-Cr alloy. The composition is set to begVi;(CrsHag and exper_lmentally_ to decm_le the structure and composition
and a supercell containing 24 metal atoms is used. The off the cubic chromium hydride.

dering of the metal atoms assumes it to be random and is

determined by means of special quasirandom structfres.

Hydrogen atoms are placed in dll interstices of the fcc V. SUMMARY

metal lattice. The structural opt?mizati_o'n is fully performed We have studied thedtransition-metal dihydrides by the
Ii?:reﬂz:%ﬁg;r?thacglecslg?e?efrsﬁnt]rllce p(;)sj{';[r'r?ir;sé' dTQeeIIa\\/lglruar%: lieslbltrasoft pseudopotential method. First, the accuracy of the
4239 A The interatomic distancespbetween hydrogen ant eoretical prediction for hydrogenation is examined. The re-

tal at I o th f bi dihvdrides. but ults for the heats of formation and heats of solution show
metal atoms are close 1o those ot binary dinydrdes, but varg, i ihe calculations give the correct trends for exothermic
in a range of about 0.1 A, as shown in Fig. 7.

From Eq.(2), the hydrogen insertion energy is predictedthrough endothermic reactions but overbind hydrogen with
as —139 kJmol B. This value agrees very well with transition metals, typically about 20 kJ/mojH This

- L . o overbinding is improved by including the zero-point energy

142 K/ Imoll '? th'Ch tlr? obtained Iflrom thg ad(lj_:tlotnal tOt_T_‘L correction. For Crh, a considerable difference between the
energy calcuiation for the supercell removing 1 atoms. TN&.q,ated lattice constant and the measured one is found. In
extended form of Eq(2) is suitable for alloy dihydrides. In

tical licati it b ient to add th this connection, a more detailed investigation is desired.
practical applications, it may be convenient 1o a e cor- Next, the energetics of binary dihydrides is discussed in

rection termA =20 to Egs(1) and(2) in order to remedy term of three contributions: namely, the structural transfor-

the overbinding nature of the calculations. mation energy, the lattice expansion energy, and the hydro-
gen insertion energy. The former two contributions are un-
derstood from the nature of the host metals. The hydrogen
The deviation of the calculated lattice constant from theinsertion energy can be represented by a simple geometric
measured one for CrHis 6%, which is considerably larger model. The extension of this model is also suitable for alloy

E. Chromium hydrides
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