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Hydrogen in Laves phase ZrX2 „XÄV, Cr, Mn, Fe, Co, Ni… compounds:
Binding energies and electronic and magnetic structure

Suklyun Hong1,2,* and C. L. Fu1
1Metals and Ceramics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6114

2Department of Physics, Sejong University, Kwangjin, Seoul 143-747, Korea
~Received 12 December 2002; published 18 September 2002!

The effects of hydrogen on the ground-state electronic and magnetic structures ofAB2 ~A5Zr; B5V, Cr,
Mn, Fe, Co, Ni! Laves phase compounds were investigated by first-principles local-density-functional calcu-
lations. We calculated the relative stability of atomic hydrogen at various interstitial tetrahedral sites formed by
two A atoms and twoB atoms (2A2B site!, oneA atom and threeB atoms (1A3B site!, and fourB atoms (4B
site!. We find that~i! for ZrV2 and ZrCr2, hydrogen prefers the site with the largest interstitial hole size~i.e.,
2A2B site!; ~ii ! for ZrMn2 , ZrFe2, and ZrCo2, the hydrogen binding energies at the 1A3B site become
comparable to or even lower than those at the 2A2B site once the antibonding states ofB atoms become
progressively occupied. In H-free ZrFe2, we found a large magnetic moment (0.5mB) at the Zr site, which is
coupled antiparallel to the moment at the Fe site (1.9mB). The hydrogen absorption does not have a strong
effect in suppressing the magnetic moments of atoms closest to the absorbed hydrogen but increases the
magnetic moments of atoms not having hydrogen as the nearest neighbor. This increase in the moment is partly
due to the H-induced lattice expansion.

DOI: 10.1103/PhysRevB.66.094109 PACS number~s!: 71.20.Lp
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I. INTRODUCTION

Hydrogen storage materials are usually intermetallics c
taining interstices with a suitable binding energy for hyd
gen which allows its absorption or desorption near ro
temperature and atmospheric pressure. A promising ca
date for hydrogen storage is the class of Laves phase c
pounds having the formula unitAB2.1 Laves phase include
the fcc C15 (MgCu2), hexagonal C14 (MgZn2), and dihex-
agonal C36 (MgNi2) structures. They transform from one
the other during heating and cooling~typically C14 at high
temperatures and C15 at low temperatures!. The C15 struc-
ture is a fcc-based structure containing six atoms~two for-
mula units! in the primitive unit cell, while the C14 and C3
structures are hexagonal structures containing 12 and 2
oms in the primitive unit cell, respectively.

The interstitial sites occupied by hydrogen inAB2 Laves
phases are tetrahedral sites formed by twoA atoms and two
B atoms (2A2B site! or by oneA atom and threeB atoms
(1A3B site! or four B atoms (4B site!. There are 17 tetra
hedral interstitial sites per formula unit:2 12 2A2B sites, four
1A3B sites, and one 4B site for both the C15 and C14 struc
tures. In the C15 structure,A or B atoms within each type o
sites (2A2B, 1A3B, and 4B) are locally equivalent. This is
not the case for the C14 structure. Depending on the lo
environment of the tetrahedra, the 12 2A2B sites and four
1A3B sites per formula unit in the C14 structure can
further grouped into six 2A2B( l ) sites, three 2A2B(k2)
sites, 1.5 2A2B(h2) sites, 1.5 2A2B(h1) sites, one 1A3B( f )
site, and three 1A3B(k1) sites.2 To depict the interstitial sites
formed byA and/orB atoms, a ball-stick model of the face
centered cubic~fcc! C15 structure is given in Fig. 1. Th
2A2B site has the largest interstitial hole size and the 4B site
has the smallest.
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In this paper, the binding energy and site preference
hydrogen in ZrX2 (X5V, Cr, Mn, Fe, Co, Ni! are studied by
first-principles local-density-functional calculations. The
results allow us to investigate the correlation between e
tronic structure and hydrogen binding in ZrX2-based com-
pounds. The magnitude of the binding energy at these in
stitial sites is an important factor to consider in address
the hydrogen storage capacity.

The effect of hydrogen on the magnetic properties
ZrX2 is also an intriguing subject. Hydrogen absorption w
reported to increase the magnetic moments and magneti
dering temperature in Zr(Fe,Cr)2 and ZrMn2.3 Thus the ef-
fects of hydrogen on the magnetic moments of ZrFe2 and

FIG. 1. The C15 Laves phase structure, where the larger and
smaller atoms representA ~Zr! andB (X5V, Cr, Mn, Fe, Co, Ni!
atoms, respectively. Here, for example, a 2A2B site is formed by
the atoms labeled 2, 4, 7, and 8; a 1A3B site by atoms 1, 6, 8, and
9; and a 4B site by atoms 6, 7, 8, and 9.
©2002 The American Physical Society09-1
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TABLE I. The experimental lattice constants (aexpt)and the binding energies (EB) of hydrogen in ZrX2

~i.e., ZrX2H0.5) in units of kJ/mol H.

X aexpt EB(2A2B) EB(1A3B) EB(4B) EB
expt

V 7.448 283.0 275.1 229.8 277; 280 @9#

Cr 7.208 233.5 225.2 21.4 219@10# ; 223 @9#

Mn ~C15! 7.135 224.2 224.8 28.2
Fe 7.074 25.8 26.6 0.4
Co 6.951 28.9 216.0 24.3
Ni 6.925 3.3 15.2 36.2
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ZrMn2 were also investigated. We found that the absorb
hydrogen atoms do not have a strong effect in suppres
the magnetic moments of Fe or Mn. On the other hand, th
is an increase in the averaged magnetic moment away f
the H-absorption sites, partly due to the H-induced latt
expansion. In a H-free ZrFe2 compound, we obtained a larg
magnetic moment (0.5mB) on the Zr site, which is coupled
antiparallel to the moment at the Fe site. The calculated m
netic moments for H-free ZrFe2 agree well with previous
theoretical4,5 and experimental6 works.

II. METHODOLOGY AND APPROACH

Total-energy calculations of Zr-based alloys have be
performed using the full-potential linearized augmen
plane-wave~FLAPW! method7 within the local-density ap-
proximation ~LDA ! with the Hedin-Lundqvist exchange
correlation potential. The FLAPW method solves the loc
density-functional equations without any sha
approximation to the potential or charge density. We use
fcc primitive unit cell containing two formula units for th
calculation of a H-containing C15 structure, and the hcp u
cell having four formula units for C14. The muffin-tin radiu
(r mt) of 2.15 a.u. is used for Cr, Mn, Fe, and Co, andr mt
52.30 a.u., 2.05 a.u., and 2.85 a.u. are used for V, Ni,
Zr, respectively. The kinetic-energy cutoff of 24 Ry for th
charge density expansion and a 63636 k-mesh in the
Monkhorst specialk-point scheme are used. The calculatio
are scalar relativistic. We use 70– 90 plane waves per a
for the expansion of wave functions. The self-consistenc
reached when the root-mean-square distance between th
put and output charge densities is less than 0.1 me/(a.3.
The atomic positions are relaxed by calculating Hellma
Feynman forces acting on the atoms. The convergence c
rion for the force is 0.003 Hartree/~a.u.!.

To study the effects of hydrogen in ZrX2, we considered a
system containing one atomic hydrogen in the C15 fcc pri
tive cell. The formula of the system is ZrX2H0.5. The hydro-
gen absorption induces an increase in the size of the unit
without changing the structure. The experimentally obser
volume expansion is about 2.9 Å3 per hydrogen atom. This
expansion corresponds to about 1% increase in the la
constant for ZrX2H0.5. In this investigation we are intereste
in the relative stability of hydrogen in different tetrahedr
sites for a given compound as well as in the general tren
the site preference of hydrogen as the atomic number oX
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increases. In this regard, due to the small change in the
ergies with;1% change in the lattice parameter, we assu
that ZrX2H0.5 has the same lattice parameter as ZrX2 in cal-
culating the hydrogen binding energies for a low hydrog
concentration. It should also be noted that, since the lo
density-functional approximation underestimates the lat
constants of these ZrX2 compounds by 3–4 %, we used th
experimental lattice constants for a better description of
interstitial hole size in the calculation of hydrogen bindin
energies. However, for magnetic systems (ZrMn2 and
ZrFe2), because of the sensitivity of the size of the magne
moments to the volume, we have additionally considered
effect of lattice expansion~due to the presence of hydroge!
in addressing the magnetic properties of these compou
using the generalized gradient approximation14~GGA! for the
exchange-correlation potential. Specially, the PBE-ty
functional14 is adopted in the GGA approach, and a kinet
energy cutoff of 40 Ry and a 10310310 k-mesh are used in
the calculations using the GGA.

Other than the C14 structure of ZrMn2, all the other bi-
nary ZrX2 alloys studied here have the C15 structure.
order to have a meaningful comparison of the dependenc
hydrogen binding energy on the number of valence electr
in these compounds, we first assumed ZrMn2 to have the
hypothetical C15 structure. At the end, we then calcula
the hydrogen binding energy at selected interstitial sites
C14 ZrMn2 to examine the variation of hydrogen bindin
energy with respect to structure. The formula of the C
system used in our calculation is ZrMn2H0.25.

III. RESULTS AND DISCUSSION

A. Hydrogen binding energies in ZrX2 compounds

The binding energy of hydrogen is defined by

EB5
1

n FE~AB2Hn!2E~AB2!2
n

2
E~H2!G ~1!

whereE(H2), E(AB2), andE(AB2Hn) are the energies o
H2, AB2, andAB2 with n hydrogen atoms per formula uni
respectively. Here, we usedE(H2) as sum of the energy o
two widely separate hydrogen atoms and the dissocia
energy of H2 ~432 kJ/mol H2), as given by experiment.8

The results for the hydrogen binding energy are shown
Table I ~also see Fig. 2!. Note that 1 kJ/mol H51.0364
31022 eV/H. From the calculations, ZrMn2 and ZrFe2 are
9-2
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HYDROGEN IN LAVES PHASE ZrX2 (X5V, Cr, Mn, . . . PHYSICAL REVIEW B 66, 094109 ~2002!
the only magnetic systems among these ZrX2 compounds.
The hydrogen binding energies in ZrMn2 and ZrFe2 are ob-
tained from the spin-polarized states.

In general, in these ZrX2 compounds, the absolute valu
of the hydrogen binding energy decreases as the atomic n
ber of X increases; eventually, the atomic hydrogen ato
become unstable in ZrNi2. The site preference of absorbe
hydrogen also shows an interesting behavior. For ZrV2 and
ZrCr2, hydrogen at the 2A2B site has the lowest binding
~most stable! energy, as expected from the largest intersti
hole size formed by the 2A2B tetrahedra. On the other han
for ZrMn2 ~with the hypothetical C15 structure!, ZrFe2 and
ZrCo2, the hydrogen binding energies at the 1A3B site be-
come comparable to or even lower than those at the 2A2B
site as the antibonding states ofX are progressively filled.
The possible explanation for this trend will be discussed
Sec. III B. It is interesting to note that, as the electronic sta
become more localized in ZrNi2, the interstitial hole size
again, is the dominant factor in determining the relative s
bility of hydrogen in various sites~i.e., the 2A2B site is the
least unstable!. The calculated hydrogen binding energies
2A2B and/or 1A3B for ZrV2 and ZrCr2 show good agree
ment with experiment: the measured values are277 ;
280 kJ/mol H for ZrV2 and 219 ; 223 kJ/mol H for
ZrCr2.9,10

B. Electronic structure of Zr X2 and ZrX2H0.5

First we consider the electronic density of states~DOS! of
ZrV2 and ZrCr2, which are shown in Figs. 3 and 4, respe
tively. In general, the DOS profile exhibits a well-define
valley separating the bonding and antibonding states.
ZrV2, the Fermi energy lies in the vicinity of bonding stat
with the DOS at the Fermi level,N(EF), ;6.4 states/
eV spin. This value is smaller than previous theoreti
ones.11,12 With hydrogen absorption (ZrV2H0.5), there is a
slight downward shift of the DOS profile with respect to t
Fermi energy, which results in a lowerN(EF) by about 20%
~see the inset of Fig. 3!. The downward shift of the DOS is
expected to be more pronounced with more hydrogen pre
in ZrV2, which has been observed in ZrV2H1.3 @the experi-
mentally estimatedN(EF) is about 2.7 states/eV spin#.13 For

FIG. 2. Binding energy of hydrogen in C15 ZrX2 (X5V, Cr,
Mn, Fe, Co, Ni!.
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the case of ZrCr2, the Fermi level is at the bonding
antibonding valley of the DOS profile, as shown in Fig.
There is no noticeable change inN(EF) after hydrogen ab-
sorption. The lowering ofN(EF) for ZrV2H0.5 as compared
to ZrV2 may partly account for the strong binding of hydr
gen in ZrV2.

From both chemical~i.e., electronegativity! and geometri-
cal ~i.e., interstitial hole size! points of view, atomic hydro-
gen would prefer 2A2B ~i.e., 2Zr2X! sites in these ZrX2
compounds, since Zr forms a more stable hydride with
2A2B site being the largest interstitial hole. Results of o
calculation, however, show different trends in the site pr
erence of hydrogen in these ZrX2 compounds. While the
2A2B site offers the strongest binding for hydrogen in ZrV2
and ZrCr2, hydrogen at the 1A3B site becomes comparabl
and/or even lower in energy than at the 2A2B site for
ZrMn2 , ZrFe2, and ZrCo2. Clearly, the electronic structur
factor plays an important role in determining the site pref
ence and binding energy of hydrogen. Our calculations sh
that hydrogen is strongly bound in ZrV2, and becomes
weakly bound in ZrFe2. The Zr-based Laves phases for h
drogen storage are, therefore, mostly based on ZrCr2 and
ZrMn2 with hydrogen having a suitable binding energy
those compounds.

Analysis of the electronic structure shows that an isola
interstitial hydrogen in these ZrX2 compounds is in the nega

FIG. 3. Total density of states of ZrV2 and ZrV2H0.5.

FIG. 4. Total density of states of ZrCr2 and ZrCr2H0.5.
9-3



en

SUKLYUN HONG AND C. L. FU PHYSICAL REVIEW B66, 094109 ~2002!
TABLE II. Magnetic moments~in units ofmB) of Fe ~Mn! and Zr in ZrFe2 (ZrMn2) and ZrFe2H0.5 (ZrMn2H0.5). The results at both the
LDA and GGA levels are shown together for the ZrFe2 case. The magnetic moments on the Fe~Mn! atoms closest to the absorbed hydrog
are underlined. The number of equivalent atoms is shown in the square brackets.

Fe ~LDA ! Zr ~LDA ! Fe ~GGA! Zr~GGA!

H-free 1.80@4# 20.43 @2# 1.88 @4# 20.51 @2#

with H at 1Zr3Fe site 1.96@1#, 1.59 @3# 20.39 @1#, 20.41 @1# 2.07 @1#, 1.69 @3# 20.45 @1#, 20.47 @1#

with H at 2Zr2Fe site 1.98@1#, 1.88 @1#, 1.61 @2# 20.37 @1#, 20.37 @1# 2 2

Mn ~LDA ! Zr ~LDA !

H-free 0.89@4# 20.22 @2#

with H at 1Zr3Mn site 1.65@1#, 0.99 @3# 20.25 @1#, 20.27 @1#

with H at 2Zr2Mn site 1.54@1#, 1.69 @1#, 0.67 @2# 20.24 @1#, 20.23 @1#
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tive charge state due to charge donation from host to hy
gen. The negative charge compels hydrogen to maximiz
interatomic distance to the host atoms. Therefore, abso
hydrogen generally prefers open interstitial sites. This is
of the reasons why hydrogen prefers 2A2B sites in ZrV2 and
ZrCr2. On the other hand, as the atomic number ofX in-
creases in these ZrX2 compounds, the antibondingd-states of
the hostX become progressively filled. Consequently, t
depletion of the antibonding electrons through char
transfer to hydrogen becomes a competitive bonding mod
the compounds with a higher number of valence electro
The reason why hydrogen at the 1A3B site is more energeti
cally favorable in ZrMn2 , ZrFe2 , and ZrCo2 ~although the
1A3B site has a smaller interstitial hole size than the 2A2B
site! is due to the fact that the depletion of antibonding el
trons by hydrogen is more likely to be accomplished by h
ing moreX atoms as the nearest neighbor of hydrogen.

Often, in order to have optimal hydrogen binding ener
the concept of electronegativity is used in designing the
drogen storage materials. While this is a useful approach,
calculation clearly shows that this empirical guideline fails
many aspects. First, as mentioned already, it does not pro
the correct site preference for hydrogen: The relative bind
energy of hydrogen at different tetrahedra is an import
factor to consider, since higher hydrogen capacity is m
likely to be achieved if the hydrogen binding energies at
2A2B and 1A3B sites are about equal. Second, it fails
predict the strong binding energy of hydrogen in ZrV2: The
strong binding of hydrogen in ZrV2 is due to the reduction o
the electronic density of states at the Fermi level upon
drogen absorption. Third, it is inadequate to describe the
fect of magnetism in compounds based on Mn and Fe.
therefore believe that, in order to have a better control on
hydrogen storage properties of alloys, empirical guidelin
such as electronegativity and atomic size are inadequate

C. Magnetic properties of ZrFe2 and ZrMn 2

In this section, we discuss the ground-state magn
properties of ZrFe2 and ZrMn2 with and without interstitial
hydrogen atoms. For H-containing compounds, we cons
systems with one hydrogen atom in the C15 fcc primit
cell ~i.e., ZrFe2H0.5 and ZrMn2H0.5) or in the C14 hexagona
primitive cell ~i.e., ZrMn2H0.25). First, we calculated the
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magnetic moments in the H-free compounds at the exp
mental lattice constant using the local-density-functional
proach; the same approach was also used to calculate
magnetic moments of H-containing compounds at an
expansion in the lattice parameter~by following the empiri-
cal rule! for the C15 structure. For a better~and more
precise! description of the interplay between structural a
magnetic properties, we later used the GGA approach14 to
minimize the total energies with respect to lattice parame
in both the H-free and H-containing ZrFe2. The GGA ap-
proach yields a lattice constant in better agreement with
experiment~than the LDA approach! for H-free compounds.
The lattice constant of ZrFe2 by the GGA approach is abou
0.7% less than the experimental value. Furthermore,
GGA approach finds a lattice expansion of 1.2% f
ZrFe2H0.5, which agrees well with the value derived from
the empirical rule. For the magnetic moments, the GGA a
LDA approaches basically give the same results in both tr
and magnitude. The GGA results listed in Table II are t
magnetic moments at the equilibrium lattice constants.

First, we consider the ZrFe2 case. The calculation show
that sizable magnetic moments are on both Zr and Fe s
We note that Zr has a large magnetic moment (0.5mB),
which is coupled antiparallel to the moment at the Fe s
(1.9mB). These calculated results are in good agreement w
previous calculations:~i! 1.90mB at the Fe site and
20.56mB at the Zr site4, and ~ii ! 1.86mB at the Fe site and
20.61mB at the Zr site.5 Also, our results compare well with
the neutron diffraction studies, which give 2.11mB (1.90mB)
at the Fe site and20.32mB (20.34mB) at the Zr site, where
the numbers in parentheses were obtained by consideri
diffuse magnetization.6 Similarly to the case of Fe-V
alloys,15 our analysis shows that the hybridization betwe
Zr and Fe has a larger effect through the minority-spin ch
nel than the majority-spin channel. This is evidenced in we
defined bonding and antibonding hybrids in the minori
spin DOS profile with the Fermi energy located at the val
separating these two hybrids~see Fig. 5!.

In the H-free C15 structure, all four Fe atoms in the prim
tive cell are equivalent. In the case of hydrogen at the in
stitial site, the Fe atoms are divided into nonequivalent typ
In Table II, we only cite the magnetic moments for hydrog
9-4
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at the lowest energy configurations~i.e., at the 1Zr3Fe and
2Zr2Fe sites!; the values of the magnetic moments of Fe a
Zr closest to hydrogen are underlined. It should be noted
these are the results for hydrogen atoms forming an ord
fcc lattice. Since the magnetic structure induced by defect
interstitials can have long-range effects, the values of
magnetic moments may depend on the arrangement of
drogen atoms in the lattice. Nevertheless, the basic tren
the effect of hydrogen on magnetic moments can be obta
from our model calculations.

In general, the effect of absorbed hydrogen is to decre
the magnetic moments of Fe having hydrogen as the nea
neighbor by;0.2mB , but to increase the magnetic momen
of Fe farther away from hydrogen by an amou
;(0.1–0.2)mB . On the other hand, the effect of hydroge
on the magnetic moments of Zr is comparatively small. N
that there is a difference in the lattice parameters by;1%
with and without hydrogen. The reduction in the moments
obviously due to the hybridization between hydrogen and
nearest-neighbor Fe atoms. To examine the effect of lat
expansion, we have also calculated the magnetic momen
H-containing compounds without including the 1% expa
sion in lattice parameter. We found that the 1% increase
the lattice parameter increases nearly uniformly the magn
moments of all Fe atoms by (0.1–0.2)mB . In other words,
the increase in the magnetic moment due to hydrogen
sorption mainly comes from the H-induced lattice expans
in the case of ZrFe2.

For ZrMn2 in either the hypothetical C15 structure or th
C14 structure, the magnetic moments are smaller than th
of ZrFe2. In H-free C15 ZrMn2, the Mn atom has a momen
of 0.89mB and is coupled antiparallel to the moment of
(0.22mB). When hydrogen atoms are absorbed at
1Zr3Mn and 2Zr2Mn sites, the change in the magnetic m
ments of Mn atoms closest to hydrogen is relatively smal
compared to the sizeable increase in the moments of
atoms farther away from hydrogen~see Table II!. Part of the
increase (;0.2mB) is again attributed to the effect o
H-induced lattice expansion. It is unclear, however, if t
majority of the increase is due to the artifact of an orde
fcc structure used in the calculation for H-absorbed sites.
note that, from ZrMn2 to ZrFe2, the number of the minority-

FIG. 5. Density of states of majority and minority spins of ZrF2

using the equilibrium lattice constant at the GGA level.
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spin electrons remains almost the same; the change in
number of electrons is basically from the majority-spin cha
nel. This leads to a higher density-of-states atEF for the
majority-spin channel of ZrMn2 than that of ZrFe2, and may
explain why the spin-density of ZrMn2 is more sensitive to
the perturbation in the environment.

In H-free C14 ZrMn2, there are two nonequivalent type
of Mn atoms with moments 0.62mB ~with six equivalent
atoms/cell! and 1.03mB ~with two equivalent atoms/cell!, re-
spectively. Experimentally, it has been observed that
magnetic susceptibility of H-free ZrMn2 increases with de-
creasing temperature;3 thus we cannot rule out the possibilit
of a magnetic ground state of ZrMn2, as found theoretically.

In the C14 structure, since there are many nonequiva
interstitial sites~within the classes of 2A2B and 1A3B sites!
available for hydrogen absorption, the calculation on the
fect of hydrogen requires a careful sampling of vario
H-absorption sites and their arrangements. We have con
ered a few~limited! cases by including a hydrogen atom
the primitive cell of the C14 structure, i.e., ZrMn2H0.25. For
those sites with higher weights~in terms of the numbers o
sites available!, we found that the binding energies of hydr
gen at the 2Zr2Mn and 1Zr3Mn sites are nearly equal and
within ;5 kJ/mol of those in the C15 ZrMn2, i.e., the bind-
ing energies are230.3, 226.0, and228.1 kJ/mol for the
2A2B(k2), 2A2B( l ), and 1A3B(k1) sites, respectively.
This finding is not unexpected, considering that the diff
ence in the C14 and C15 structures comes from the la
stacking sequences. A similar trend~as in the case of C15
structure! is also found in the H-induced change in the ma
netic moments, although the hydrogen atoms form a differ
lattice~i.e., hexagonal lattice! in this case. The trend include
a slight change~by ;0.1mB) in the magnetic moment of Mn
atoms closest to hydrogen and the H-induced oscillation
the magnitudes of moments away from the H-absorpt
sites. The averaged moment away from the H-absorp
sites is found to increase. For the 2A2B(k2) site, the largest
increase~by 0.7mB) comes from the moments of Mn atom
that are the second-nearest-neighbor~2nd-nn! of absorbed
hydrogen. For the 1A3B(k1) site, the magnetic moment o
the 2nd-nn Mn also has the largest increase~by 0.5mB). For
the 2A2B( l ) site, the magnetic moment of the 2nd-nn M
increases by 0.35mB .

IV. SUMMARY

The binding energy and site preference of hydrogen
ZrX2 (X5V, Cr, Mn, Fe, Co, Ni! Laves phase compound
were investigated by a first-principles LDA approach. T
absolute value of the hydrogen binding energy decrease
the atomic number ofX increases, and eventually the hydr
gen becomes unstable in ZrNi2. For early transition metals
hydrogen atoms prefer an interstitial site with the largest
terstitial hole size. For middle and late transition metals,
depleting of antibonding states ofX ~due to host-to-H charge
transfer! appears to be a competitive bonding mode in de
mining the site preference of hydrogen atoms.

The ground state of ZrMn2 and ZrFe2 is magnetic. The
9-5
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large magnetic moment is found for Zr, which is coupl
antiparallel to the magnetic moments of Fe and Mn. It
clear from our calculations that the absorbed hydrogen~in
the low concentration limit! does not cause a significant re
duction in the magnetic moments of its nearest neighbor
or Mn atoms. On the other hand, the effect of H-induc
lattice expansion partially account for the increase in
magnetic moments of Fe and Mn atoms away from
H-absorption sites; the amount of increase is about 0.2mB per
1% expansion in the lattice parameter for both Fe and
atoms.
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