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Hydrogen in Laves phase ZX, (X=V, Cr, Mn, Fe, Co, Ni) compounds:
Binding energies and electronic and magnetic structure
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The effects of hydrogen on the ground-state electronic and magnetic structuké&s oA=2r; B=V, Cr,
Mn, Fe, Co, Nj 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 twd atoms (2B site), oneA atom and thre® atoms (JA3B site), and fourB atoms (8
site). We find that(i) for ZrV, and ZrCg, hydrogen prefers the site with the largest interstitial hole Giee
2A2B site); (ii) for ZrMn,, ZrFe, and ZrCg, the hydrogen binding energies at thA3B site become
comparable to or even lower than those at thh&B site once the antibonding states Bfatoms become
progressively occupied. In H-free Zri;ewe found a large magnetic moment (@4 at the Zr site, which is
coupled antiparallel to the moment at the Fe site £3)9 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.
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[. INTRODUCTION In this paper, the binding energy and site preference of
hydrogen in ZK, (X=V, Cr, Mn, Fe, Co, Ni are studied by
Hydrogen storage materials are usually intermetallics confirst-principles local-density-functional calculations. These
taining interstices with a suitable binding energy for hydro-results allow us to investigate the correlation between elec-
gen which allows its absorption or desorption near roomironic structure and hydrogen binding inXzrbased com-
temperature and atmospheric pressure. A promising candpounds. The magnitude of the binding energy at these inter-
date for hydrogen storage is the class of Laves phase corglitial sites is an important fgctor to consider in addressing
pounds having the formula unkB,.! Laves phase includes the hydrogen storage capacity. _ _
the fcc C15 (MgCy), hexagonal C14 (MgZs), and dihex- The effect of hydrogen on the magnetic properties of

agonal C36 (MgNi) structures. They transform from one to ZrX, is alsol an intriguing subjecp Hydrogen absorption was
the other during heating and coolifitypically C14 at high reported to increase the magnetic moments and magnetic or-

; ; 3
temperatures and C15 at low temperaturdde C15 struc- ?eecrtlggo;err]n g?;agr:eo': ﬁéﬁifﬁ;ﬁc Zr:]'\c/)lrrﬁéngh%? threﬁee;-
ture is a fcc-based structure containing six atdimgo for- yarog 9 4

mula unitg in the primitive unit cell, while the C14 and C36
structures are hexagonal structures containing 12 and 24 at-
oms in the primitive unit cell, respectively.

The interstitial sites occupied by hydrogenAm, Laves
phases are tetrahedral sites formed by Avatoms and two
B atoms (2B site) or by oneA atom and thred8 atoms
(1A3B site) or four B atoms (4B site). There are 17 tetra-
hedral interstitial sites per formula urfit2 2A2B sites, four
1A3B sites, and one B site for both the C15 and C14 struc-
tures. In the C15 structurd, or B atoms within each type of
sites (2A2B, 1A3B, and 8B) are locally equivalent. This is
not the case for the C14 structure. Depending on the local
environment of the tetrahedra, the 122B sites and four
1A3B sites per formula unit in the C14 structure can be
further grouped into six B82B(l) sites, three 22B(ks)
sites, 1.5 22B(h,) sites, 1.5 22B(h,) sites, one A3B(f)
site, and three A3B(k,) sites’ To depict the interstitial sitts  FiG. 1. The C15 Laves phase structure, where the larger and the
formed byA and/orB atoms, a ball-stick model of the face- smaller atoms represent (zr) andB (X=V, Cr, Mn, Fe, Co, Nj
centered cubidfcc) C15 structure is given in Fig. 1. The atoms, respectively. Here, for example, AZB site is formed by
2A2B site has the largest interstitial hole size and tBeste  the atoms labeled 2, 4, 7, and 8; A3B site by atoms 1, 6, 8, and
has the smallest. 9; and a 8 site by atoms 6, 7, 8, and 9.

0163-1829/2002/66)/0941096)/$20.00 66 094109-1 ©2002 The American Physical Society



SUKLYUN HONG AND C. L. FU PHYSICAL REVIEW B66, 094109 (2002

TABLE I. The experimental lattice constantag(,)and the binding energie€{) of hydrogen in ZX,
(i.e., ZtX,Hgg) in units of kd/mol H.

X Bexpt Eg(2A2B) Eg(1A3B) Eg(4B) ESP

Y% 7.448 -83.0 -75.1 -29.8 —77~ —801[9]

Cr 7.208 —335 —25.2 1.4 —~1910] ~ —23[9]
Mn (C15) 7.135 —24.2 —-24.8 -8.2

Fe 7.074 -5.8 ~6.6 0.4

Co 6.951 -8.9 -16.0 —4.3

Ni 6.925 3.3 15.2 36.2

ZrMn, were also investigated. We found that the absorbedncreases. In this regard, due to the small change in the en-
hydrogen atoms do not have a strong effect in suppressingfgies with~19% change in the lattice parameter, we assume
the magnetic moments of Fe or Mn. On the other hand, therthat ZiX,Hg 5 has the same lattice parameter aXZin cal-
is an increase in the averaged magnetic moment away frogulating the hydrogen binding energies for a low hydrogen
the H-absorption sites, partly due to the H-induced latticeconcentration. It should also be noted that, since the local-
expansion. In a H-free Zrkeeompound, we obtained a large density-functional approximation underestimates the lattice
magnetic moment (0/53) on the Zr site, which is coupled constants of these Xp compounds by 3-4 %, we used the
antiparallel to the moment at the Fe site. The calculated magexperimental lattice constants for a better description of the
netic moments for H-free Zrieagree well with previous interstitial hole size in the calculation of hydrogen binding
theoretical® and experimentfiworks. energies. However, for magnetic systems (ZgMand
ZrFe,), because of the sensitivity of the size of the magnetic
moments to the volume, we have additionally considered the
Il. METHODOLOGY AND APPROACH effect of lattice expansiofdue to the presence of hydrogen
eriln addressing the magnetic properties of these compounds
(Using the generalized gradient approximatfé8GA) for the
exchange-correlation potential. Specially, the PBE-type
functional” is adopted in the GGA approach, and a kinetic-
|.energy cutoff of 40 Ry and a 2010x 10 k-mesh are used in

Total-energy calculations of Zr-based alloys have be
performed using the full-potential linearized augmente
plane-wave(FLAPW) method within the local-density ap-
proximation (LDA) with the Hedin-Lundqvist exchange-
correlation potential. The FLAPW method solves the loca : .
density-functional  equations  without any shapethe calculations using the GGA. .
approximation to the potential or charge density. We use the Other than the 014 structure of Zrinall the other bi-
fcc primitive unit cell containing two formula units for the nary ZiX, alloys stuo!led here hav_e the C15 structure. In
calculation of a H-containing C15 structure, and the hcp uniﬁrder to haye a meaningful comparison of the dependence of
cell having four formula units for C14. The muffin-tin radius ydrogen binding energy on the number of valence electrons
(rm) of 2.15 a.u. is used for Cr, Mn, Fe, and Co, angl in these.compounds, we first assumed ZyMa have the
—2.30 a.u., 2.05a.u. and 2.85 a.u. are used for V. Ni. an ypothetical C15 structure. At the end, we then calculated

zr, respectively. The kinetic-energy cutoff of 24 Ry for the the hydrogen binding energy at selected interstitial sites in

charge density expansion and a<6x6 k-mesh in the Cl4 Zran to examine the variation of hydrogen binding

Monkhorst speciak-point scheme are used. The calculations®"€"9Y with r_espect to Stru_cture. The formula of the C14
are scalar relativistic. We use 70—90 plane waves per atoryStem used in our calculation is ZriyH 5.

for the expansion of wave functions. The self-consistency is

reached when the root-mean-square distance between the in- . RESULTS AND DISCUSSION

put and output charge densities is less than 0.1 me/a.u.)
The atomic positions are relaxed by calculating Hellmann-
Feynman forces acting on the atoms. The convergence crite- The binding energy of hydrogen is defined by
rion for the force is 0.003 Hartre@.u,).

To study the effects of hydrogen inXj, we considered a
system containing one atomic hydrogen in the C15 fcc primi-
tive cell. The formula of the system is XyH, 5. The hydro-
gen absorption induces an increase in the size of the unit ceVhereE(H,), E(AB;), andE(AB,H,) are the energies of
without changing the structure. The experimentally observedi,, AB,, andAB, with n hydrogen atoms per formula unit,
volume expansion is about 2.9°/er hydrogen atom. This respectively. Here, we usd(H,) as sum of the energy of
expansion corresponds to about 1% increase in the latticevo widely separate hydrogen atoms and the dissociation
constant for ZX,Hy 5. In this investigation we are interested energy of H (432 kd/mol B), as given by experimefit.
in the relative stability of hydrogen in different tetrahedral  The results for the hydrogen binding energy are shown in
sites for a given compound as well as in the general trend ifable | (also see Fig. 2 Note that 1 kJ/mol H1.0364
the site preference of hydrogen as the atomic numbet of X102 eV/H. From the calculations, ZrMnand ZrFe are

A. Hydrogen binding energies in ZrX, compounds

1
Eo=-| E(ABH,) ~E(AB) — 5E(Hp)| ()
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FIG. 2. Binding energy of hydrogen in C15%s (X=V, Cr, FIG. 3. Total density of states of Zgvand ZrVoHs.
Mn, Fe, Co, N). )

. the case of ZrGr the Fermi level is at the bonding-
the only magnepc .systems among thes&Zcompounds. antibonding valley of the DOS profile, as shown in Fig. 4.
The hydrogen binding energies in ZrMand ZrFg are ob- g6 is no noticeable change M(E;) after hydrogen ab-
tained from the spin-polarized states. sorption. The lowering oN(Eg) for ZrV,H, 5 as compared

In general, in these 2, compounds, the absolute value 4, 71\, may partly account for the strong binding of hydro-
of the hydrogen binding energy decreases as the atomic nu an inZZrVZ).I party g g 4

ber of X increases_; even_tually, _the atomic hydrogen atom From both chemicali.e., electronegativityand geometri-
become unstable in Zrili The site preference of absorbed o4 (j g interstitial hole sizepoints of view, atomic hydro-
hydrogen also shows an |ntergstlng behavior. Forzz_zmq gen would prefer 22B (i.e., 2Zr2) sites in these 2t
ZICry, hydrogen at the A2B site has the lowest _bmdm_g_ compounds, since Zr forms a more stable hydride with the
(most stablgenergy, as expected from the largest interstitial; Ao gjte heing the largest interstitial hole. Results of our
hole size formed by the/22B tetrahedra. On the other hand, 50y ation, however, show different trends in the site pref-
for ZrMn; (with the hypothetlcal 01.5 structL)r,leFQz and  grence of hydrogen in these X compounds. While the
ZrCo,, the hydrogen binding energies at tha3B site be- 5 A5p gite offers the strongest binding for hydrogen in Zrv
come comparaple to or even lower than thosg at 'r.h?BZ and ZrCs, hydrogen at the A3B site becomes comparable
site as the antibonding states Xfare progressively filled. and/or even lower in energy than at thé\ZB site for
The possible explanation for this trend will be discussed ianMnZ ZrFe, and ZrCg. Clearly, the electronic structure
Sec. llIB. ltis interesting .to notg that,.as the_ _electronic_state%ctor plays an important role in determining the site prefer-
become more localized in Zrhi the interstitial hole size, 0 and hinding energy of hydrogen. Our calculations show
again, is the dominant factor in determining the relative Stagp ot hydrogen is strongly bound in ZsV and becomes
bility of hydrogen in various sited.e., the A28 site is the weakly bound in ZrFe The Zr-based Laves phases for hy-
least unstable The calculated hydrogen binding energies Ofdrogen storage are, therefore, mostly based on Ze®d
2A2B andfor 1A3B for ZrV, and ZrCp show good agree- ZrMn, with hydrogen having a suitable binding energy in

ment with experiment: the measured values ar@é7 ~ those compounds.
~80kdimolH for Zr\, and —19~ —23 ki/molH for Analysis of the electronic structure shows that an isolated
ZrCry.™ interstitial hydrogen in these X, compounds is in the nega-
B. Electronic structure of Zr X, and ZrX,Hg 5 10.0
First we consider the electronic density of stal@®S) of =
ZrV, and ZrCs, which are shown in Figs. 3 and 4, respec- Q 8o
tively. In general, the DOS profile exhibits a well-defined >I
valley separating the bonding and antibonding states. For O g0l
ZrV,, the Fermi energy lies in the vicinity of bonding states >
with the DOS at the Fermi levelN(Eg), ~6.4 states/ £ ol
eV spin. This value is smaller than previous theoretical o
onestt? With hydrogen absorption (ZRHo.), there is a —
slight downward shift of the DOS profile with respect to the 8 20
Fermi energy, which results in a lowBl(Er) by about 20% o
(see the inset of Fig.)3The downward shift of the DOS is 0.0 L—=—"" Y m o -
expected to be more pronounced with more hydrogen present ’ ' ' E_EF' (eV) ' '
in ZrV,, which has been observed in ZiN; ; [the experi-
mentally estimatedl(Eg) is about 2.7 states/eV sgilf For FIG. 4. Total density of states of Zrgand ZrCpHg 5.
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TABLE II. Magnetic momentgin units of ug) of Fe(Mn) and Zr in ZrFg (ZrMn,) and ZrFgH, 5 (ZrMn,H, 5). The results at both the
LDA and GGA levels are shown together for the Zslease. The magnetic moments on the(A@) atoms closest to the absorbed hydrogen
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] —0.43[2] 1.88[4] ~0.51[2]
with H at 1Zr3Fe site 1.961], 1.59[3] —0.39[1], —0.41[1] 2.07[1], 1.69[3] —0.45[1], —0.47[1]
with H at 2Zr2Fe site 1.981], 1.88[1], 1.61[2] —0.37[1], —0.37[1] - -
Mn (LDA) Zr (LDA)
H-free 0.89[4] ~0.22[2]
with H at 1Zr3Mn site 1.651], 0.99[3] —0.25[1], —0.27[1]
with H at 2Zr2Mn site 1.541], 1.69[1], 0.67[2] —0.24[1], —0.23[1]

tive charge state due to charge donation from host to hydromagnetic moments in the H-free compounds at the experi-
gen. The negative charge compels hydrogen to maximize itmental lattice constant using the local-density-functional ap-
interatomic distance to the host atoms. Therefore, absorbgstoach; the same approach was also used to calculate the
hydrogen generally prefers open interstitial sites. This is onenagnetic moments of H-containing compounds at an 1%
of the reasons why hydrogen preferd2B sites in Zr\, and  expansion in the lattice parametéy following the empiri-
ZrCry. On the other hand, as the atomic numberXoin-  cal rulg for the C15 structure. For a bettéand more
creases in these Xp compounds, the antibondimstates of  precisg description of the interplay between structural and
the hostX become progressively filled. Consequently, themagnetic properties, we later used the GGA appriath
depletion of the antibonding electrons through chargeinimize the total energies with respect to lattice parameter
transfer to hydroggn becqmes a competitive bonding mode i, poth the H-free and H-containing ZrEeThe GGA ap-

the compounds with a higher numbe_r o_f valence eleCtr_onSproach yields a lattice constant in better agreement with the
The reason why hydrogen at thé&3B site is more energeti- experimentthan the LDA approachfor H-free compounds.

cally favorable in ZrMn, ZrFe,, and ZrCg (although the . .
1A3B site has a smaller interstitial hole size than th2B The lattice constant of ZrEej_ay the GGA approach is about
0.7% less than the experimental value. Furthermore, the

site) is due to the fact that the depletion of antibonding elec-

trons by hydrogen is more likely to be accomplished by hav—GGA approz:\ghh finds a Ia|t|t|cg heﬁpans:on dOf . 130/: for
ing moreX atoms as the nearest neighbor of hydrogen. ZrFe&Ho s, which agrees well with the value derived from

Often, in order to have optimal hydrogen binding energy,the empirical rule. qu the magnetic moments, the GGA and
the concept of electronegativity is used in designing the hy-DA approaches basically give the same results in both trend
drogen storage materials. While this is a useful approach, oiind magnitude. The GGA results listed in Table Il are the
calculation clearly shows that this empirical guideline fails inMmagnetic moments at the equilibrium lattice constants.
many aspects. First, as mentioned already, it does not provide First, we consider the Zrecase. The calculation shows
the correct site preference for hydrogen: The relative bindinghat sizable magnetic moments are on both Zr and Fe sites.
energy of hydrogen at different tetrahedra is an importaniVe note that Zr has a large magnetic moment £@)5
factor to consider, since higher hydrogen capacity is morevhich is coupled antiparallel to the moment at the Fe site
likely to be achieved if the hydrogen binding energies at thg1.9ug). These calculated results are in good agreement with
2A2B and JA3B sites are about equal. Second, it fails to previous calculations:(i) 1.9Qug at the Fe site and
predict the strong binding energy of hydrogen in Z'Mhe  —0.56u5 at the Zr sité, and (i) 1.86ug at the Fe site and
strong binding of hydrogen in ZrMs due to the reduction of  —0.61u at the Zr sit€’ Also, our results compare well with
the electronic density of states at the Fermi level upon hythe neutron diffraction studies, which give 2444 (1.90ug)

drogen absorption. Third, it is inadequate to describe the efy; the Fe site and0.32u5 (—0.34ug) at the Zr site, where

fect of magnetism in compounds based on Mn and Fe. Wene numbers in parentheses were obtained by considering a
therefore believe that, in order to have a better control on th

X s ! ON NGiffuse magnetizatiofi. Similarly to the case of Fe-V
hydrogen storage properties of aII(_)ys,_ emplru_:al gulde“nesdlloysls our analysis shows that the hybridization between
such as electronegativity and atomic size are inadequate. )

Zr and Fe has a larger effect through the minority-spin chan-
nel than the majority-spin channel. This is evidenced in well-
defined bonding and antibonding hybrids in the minority-
In this section, we discuss the ground-state magnetispin DOS profile with the Fermi energy located at the valley
properties of ZrFg and ZrMrp, with and without interstitial ~ separating these two hybridsee Fig. 5.
hydrogen atoms. For H-containing compounds, we consider In the H-free C15 structure, all four Fe atoms in the primi-
systems with one hydrogen atom in the C15 fcc primitivetive cell are equivalent. In the case of hydrogen at the inter-
cell (i.e., ZrFeHy s and ZrMn,H, 5) or in the C14 hexagonal stitial site, the Fe atoms are divided into nonequivalent types.
primitive cell (i.e., ZrMn,H, -5). First, we calculated the In Table II, we only cite the magnetic moments for hydrogen

C. Magnetic properties of ZrFe, and ZrMn ,
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spin electrons remains almost the same; the change in the
number of electrons is basically from the majority-spin chan-
nel. This leads to a higher density-of-statesEat for the
majority-spin channel of ZrMnthan that of ZrFg and may
explain why the spin-density of ZrMnis more sensitive to

the perturbation in the environment.

In H-free C14 ZrMn, there are two nonequivalent types
of Mn atoms with moments 0.@2; (with six equivalent
atoms/cell and 1.03cg (with two equivalent atoms/cellre-
spectively. Experimentally, it has been observed that the

magnetic susceptibility of H-free ZrMnincreases with de-
5.0 creasing temperaturethus we cannot rule out the possibility
of a magnetic ground state of Zrinas found theoretically.
In the C14 structure, since there are many nonequivalent
FIG. 5. Density of states of majority and minority spins of ZsFe jnterstitial sitegwithin the classes of 82B and 1A3B siteg
using the equilibrium lattice constant at the GGA level. available for hydrogen absorption, the calculation on the ef-
fect of hydrogen requires a careful sampling of various
at the lowest energy configuratiolise., at the 1Zr3Fe and H-absorption sites and their arrangements. We have consid-
2Zr2Fe siteg the values of the magnetic moments of Fe andered a few(limited) cases by including a hydrogen atom in
Zr closest to hydrogen are underlined. It should be noted thahe primitive cell of the C14 structure, i.e., Zrii, o5. For
these are the results for hydrogen atoms forming an orderegose sites with higher weightin terms of the numbers of
fcc lattice. Since the magnetic structure induced by defects dsjtes available we found that the binding energies of hydro-
interstitials can have long-range effects, the values of thgen at the 2Zr2Mn and 1Zr3Mn sites are nearly equal and are
magnetic moments may depend on the arrangement of hygithin ~5 kJ/mol of those in the C15 ZrMni.e., the bind-
drogen atoms in the lattice. Nevertheless, the basic trend img energies are-30.3, —26.0, and—28.1 kJ/mol for the
the effect of hydrogen on magnetic moments can be obtainega2B(k,), 2A2B(1), and 1A3B(k,) sites, respectively.
from our model calculations. This finding is not unexpected, considering that the differ-
In general, the effect of absorbed hydrogen is to decreasgnce in the C14 and C15 structures comes from the layer
the magnetic moments of Fe having hydrogen as the nearegfacking sequences. A similar trefs in the case of C15
neighbor by~0.2up, but to increase the magnetic momentsstructure is also found in the H-induced change in the mag-
of Fe farther away from hydrogen by an amountpetic moments, although the hydrogen atoms form a different
~(0.1-0.2ug. On the other hand, the effect of hydrogen |attice (i.e., hexagonal lattiodn this case. The trend includes
on the magnetic moments of Zr is Comparatively small. Notey slight Changéby NOlrU’B) in the magnetic moment of Mn
that there is a difference in the lattice parameters-#%  atoms closest to hydrogen and the H-induced oscillations in
with and without hydrogen. The reduction in the moments ishe magnitudes of moments away from the H-absorption
obviously due to the hybridization between hydrogen and itsijtes. The averaged moment away from the H-absorption
nearest-neighbor Fe atoms. To examine the effect of latticgjtes is found to increase. For tha2B(k,) site, the largest
expansion, we have also calculated the magnetic moments chrease(by 0.7ug) comes from the moments of Mn atoms
H-containing compounds without including the 1% expan-that are the second-nearest-neight@nd-nn of absorbed
sion in lattice parameter. We found that the 1% increase ihydrogen. For the A3B(k,) site, the magnetic moment of
the lattice parameter increases nearly uniformly the magnetihe 2nd-nn Mn also has the largest increése0.5u5). For

moments of all Fe atoms by (0.1-043. In other words,  the 2A2B(l) site, the magnetic moment of the 2nd-nn Mn
the increase in the magnetic moment due to hydrogen alpcreases by 0.35;.

sorption mainly comes from the H-induced lattice expansion
in the case of Zrke

For ZrMn, in either the hypothetical C15 structure or the
C14 structure, the magnetic moments are smaller than those
of ZrFe,. In H-free C15 ZrMp, the Mn atom has a moment The binding energy and site preference of hydrogen in
of 0.89ug and is coupled antiparallel to the moment of Zr ZrX, (X=V, Cr, Mn, Fe, Co, Ni Laves phase compounds
(0.22ug). When hydrogen atoms are absorbed at thewere investigated by a first-principles LDA approach. The
1Zr3Mn and 2Zr2Mn sites, the change in the magnetic moabsolute value of the hydrogen binding energy decreases as
ments of Mn atoms closest to hydrogen is relatively small aghe atomic number oX increases, and eventually the hydro-
compared to the sizeable increase in the moments of Mgen becomes unstable in ZgNiFor early transition metals,
atoms farther away from hydrogésee Table Il. Part of the  hydrogen atoms prefer an interstitial site with the largest in-
increase (0.2ug) is again attributed to the effect of terstitial hole size. For middle and late transition metals, the
H-induced lattice expansion. It is unclear, however, if thedepleting of antibonding states ¥f(due to host-to-H charge
majority of the increase is due to the artifact of an orderedransfej appears to be a competitive bonding mode in deter-
fcc structure used in the calculation for H-absorbed sites. Wenining the site preference of hydrogen atoms.
note that, from ZrMp to ZrFe,, the number of the minority- The ground state of ZrMnand ZrFg is magnetic. The

0.0

IV. SUMMARY
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