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Density functional calculations are reported for ZrBe2, ZrBe2H2, and supercells representing ZrBe2Hx. We
find that the H positions are soft in the sense that displacements along the hexagonal c axis are energetically
favored for some orderings and displacement patterns. This is discussed in relation to the anomalous structural
and nuclear magnetic resonance data reported for this compound. The mechanism for this softness is related to
the electronic structure, specifically coupling to strongly hybridized bands occurring near the Fermi energy. In
particular, certain patterns of H shifts along the c axis strongly mix H s and Zr d bands, leading to strong
coupling between these shifts and bands at the Fermi energy and instabilities of phonons with these displace-
ment patterns.
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I. INTRODUCTION

ZrBe2Hx was reported by Maeland and Libowitz, who in-
vestigated various Be-based alloys in search for lightweight
intermetallics suitable for hydrogen storage applications.1–3

These hydrides form spontaneously and exothermically
when the starting intermetallic, hexagonal AlB2 �C32,
P6/mmm� structure ZrBe2, is exposed to hydrogen at room
temperature and atmospheric pressure. This reaction forms a
very stable hydride of composition ZrBe2H1.5 and decompo-
sition plateau pressure below 0.1 kPa. A higher H content
phase ZrBe2H2.3 can be formed using a hydrogen pressure of
13 MPa. The related compound HfBe2 also forms a hydride
but with a different H stoichiometry, HfBe2H.1,2

Neutron scattering measurements showed that the hydride
ZrBe2H1.5 maintains the same AlB2 structure with expansion
of the lattice and filling of triangular bipyramidal sites by H.
Specifically, the hexagonal cell of ZrBe2 �Fig. 1� has Zr and
Be in sheets in the ab plane, Zr at �0,0,0�, and Be at
�1/3 ,2 /3 ,1 /2� and �2/3 ,1 /3 ,1 /2�. According to the neu-
tron refinement of Ref. 3, the H atoms in ZrBe2H1.5 then
partially fill the open 2c sites, �1/3 ,2 /3 ,0� and �2/3 ,1 /3 ,0�
in the Zr plane, so that each H is coordinated by three Zr at
2.14 Å in the plane and by two Be atoms, which form ¯H-
Be-H-Be¯ chains with short 1.74 Å bond lengths along the
c axis. Each H is coordinated in plane by three other nearest
neighbor H sites at 2.14 Å.

However, the actual situation appears to be more com-
plex. First of all, the volume expansion upon hydriding
ZrBe2 is remarkably small. There is a small 2.7% contraction
of the in-plane a lattice parameter and a 7.3% expansion of c
for a total volume expansion of only 1.8%, in contrast to the
�20% expansion often seen in intermetallic compounds and
transition metals, corresponding to the usual range of
2–3 Å3 volume increase per H. While the H-H distance is in
accord with the Westlake criterion for stable hydrides, dH-H
�2.1 Å,4,5 the size of the hydrogen site is smaller than usual,

leading to the suggestion that the 2c site is not the correct
site.6 Moreover, the difference between the Zr-H and Be-H
distances in the ideal structure �0.40 Å� is significantly less
than the difference in the Zr and Be covalent radii �0.58 Å�.
Secondly, powder neutron diffraction studies7 of ZrBe2D1.5
find large displacement factors for D at 298 K and the con-
tinuous reversible development of weak superlattice peaks
on cooling below �250 K. While it was not possible to fully
refine the structure including these peaks, it was noted that
agreement was improved with models in which the D were
randomly distributed among the tetrahedral 4h BeZr3 sites,
�1/3 ,2 /3 ,z�, z�0.044 at low temperature.

Nuclear magnetic resonance �NMR� studies of hydrogen
diffusion in ZrBe2Hx were more consistent with two dimen-
sional diffusion confined to the Zr plane �i.e., H on the 2c
sites� than three dimensional motion based on modeling of
the proton spin-lattice relaxation rate.8,9 The activation ener-
gies extracted from these two dimensional hopping fits are
consistent with quasielastic neutron scattering measurements
at lower x=0.56.10,11 NMR studies12–14 also find a transition
at �235 K in ZrBe2Dx and at �200 K in ZrBe2Hx, x�1.5,

c

FIG. 1. �Color online� Structure of ZrBe2H2 as viewed along the
a axis �left� and the c axis �right�. The Zr are shown by the large
blue spheres, Be by the medium green spheres, and H by the small
red spheres. Note that the H lies in the Zr plane and forms linear
chains of alternating H and Be along c. Figure 1 was prepared using
the XCRYSDEN program �Ref. 33�.
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consistent with the temperature range where superlattice
peaks develop in diffraction. This transition is characterized
by the development of a large distribution of quadrupolar
splittings reflecting a wide range of electric field gradients
�EFGs� at the D sites.13,14 This development of line broaden-
ing reflecting a range of D EFGs was surprising because a
given type of site ��2c� or �4h�� would normally be expected
to show a narrower range even in a disordered material since
the EFG reflects mainly the local environment.

Finally, it should be noted that ZrBe2 is isostructural with
MgB2, which is a very high temperature conventional elec-
tron phonon mediated superconductor,15–19 where supercon-
ductivity arises due to strong coupling of bond stretching
phonons to holes in the bands associated with strong B–B �
bonds in the electron doped B sheets.20–22 Similar but weaker
bonds may be expected in electron doped Be sheets of the
same structure, which may be the case in ZrBe2Hx, since Be
is more electronegative than Zr �Pauling electronegativity of
1.57 vs 1.33� and since H may contribute electrons to the
valence bands. Charge transfers are often important in the
formation of hydrides,23–25 and this could potentially provide
a framework for understanding the lattice effects in ZrBe2Hx.
It could also yield a rather interesting tunable material in
which vibrational properties are a strong function of H con-
tent.

The purpose of the present paper is to elucidate the elec-
tronic structure and band formation in ZrBe2Hx in relation to
ZrBe2, and to investigate the issue of possible H displace-
ments from the ideal 2c sites. We find that the H motions are
coupled to hybridized Zr dxz ,dyz bands near the Fermi energy
and that this leads to instabilities and near instabilities
against H displacements that are antisymmetric with respect
to the Zr center.

II. METHOD

Here, we use density functional calculations to establish
the electronic structure of ZrBe2Hx and to investigate the
lattice stability with respect to H position. The calculations
were done within the local density approximation �LDA� us-
ing the general potential linearized augmented plane wave
�LAPW� method.26 This method uses a flexible basis and
makes no shape approximations to the potential or charge
density. This makes it well suited for performing accurate
density functional calculations for structurally complex ma-
terials. The calculations were based on the experimental lat-
tice parameters, a=3.716 Å and c=3.475 Å, and LAPW
sphere radii of 2.4a0, 1.5a0, and 1.0a0 for Zr, Be, and H,
respectively. The calculations for nonhydrided ZrBe2 were
based on the lattice parameters, a=3.817 Å and c=3.234 Å,
with all other parameters the same. We used well converged,
tested Brillouin zone samplings and basis sets including local
orbitals27 to relax the linearization errors and to treat the
semicore states of Zr. Specifically, we tested various zone
samplings up to 576 special k points in the irreducible wedge
of the hexagonal zone for ZrBe2H2 and ZrBe2 and deter-
mined that a set of 80 k points yields converged results. All
calculations shown used a grid at least this dense. The basis
set consisted of more than 540 LAPW and local orbital func-

tions for the primitive cell, and correspondingly larger values
for the supercells. We also performed some calculations us-
ing the linear muffin-tin orbital method in order to determine
the symmetries of states. However, all numerical results
shown here are from the LAPW calculations.

III. ELECTRONIC STRUCTURE

The calculated band structures and corresponding elec-
tronic densities of states �DOSs� for the reference com-
pounds, ZrBe2 and ZrBe2H2, with H occupying all 2c sites
are given in Figs. 2–4. The calculated energy difference be-
tween these two compounds in combination with the LDA
energy of −2.294 Ry for the H2 molecule28 yields a forma-
tion energy of −156 kJ/mol H2 for ZrBe2H2, consistent with
the finding that ZrBe2Hx is a very stable hydride.

As may be seen from the DOS, both ZrBe2 and ZrBe2H2
have strongly hybridized Be p–Zr d derived bands around
the Fermi energy. This is markedly different from MgB2
where the states near EF are predominantly B derived with
little involvement of Mg.21 Qualitatively similar to MgB2,
the lowest valence bands below �−3.5 eV in ZrBe2 have
Be s character. The higher valence bands up to EF have hy-
bridized Zr d–Be p �–H s character. The doubly degenerate
� bands in ZrBe2 have much more dispersion along the
c-axis direction than in MgB2 and, as a result, cross EF along
the �-A line. The three dimensionality of the band structure
for the � bands is quite different from MgB2 and reflects
hybridization with Zr. Introducing H leads to the introduction
of H s derived states below the Fermi energy, in particular, a
dispersive band from �−11 to −7 eV, which is primarily
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FIG. 2. Calculated band structures for ZrBe2 �top� and ZrBe2H2

with H fully occupying the 2c sites �bottom�. The Fermi level is at
0 eV.
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H s derived but hybridizes with the Be s-like band in the
nonhydrided intermetallic, pushing the latter up in energy
along the �-A line and leading to a relative sinking of the
other valence bands with respect to the Fermi energy. This
places EF in the gap between the bonding and antibonding
states in the hydride, with a large reduction in the DOS at EF,
N�EF�=0.22 eV−1 for ZrBe2H2 vs N�EF�=1.88 eV−1 for
ZrBe2, both on a per f.u. both spins basis. The values for the
x�2 supercells were intermediate between those of ZrBe2
and ZrBe2H2.

IV. H OFF CENTERING

In order to address the question of the H positions in
ZrBe2Hx, we performed calculations for distortions of the
ideal ZrBe2H2 structure, as well as for various supercells
with different H vacancy ordering patterns. We begin with
the results for ZrBe2H2 with no H vacancies.

Total energy calculations as a function of H position away
from the Zr plane showed that ZrBe2H2 is unstable against H

displacement toward the 4h sites, but that the instability de-
pends on the pattern of off centering and H vacancy order-
ing. In particular, if both H in the unit cell are displaced in
the same direction �this distortion is denoted “S” in the fol-
lowing� the energy increases, while if one is displaced in the
+z direction and the other by the same amount in the −z
direction �denoted “A”�, the energy decreases. From a near-
est neighbor point of view, in the former mode, all H have H
nearest neighbors displacing in the same direction, while in
the latter, the three neighboring H move in the opposite di-
rection, as shown in Fig. 5. Both of these distortions corre-
spond to dimerizations of the ¯Be-H-Be-H¯ chains. The
calculated energy minimum, −1.6 mRy/cell lower than the
undistorted structure, was at a H displacement of 0.19 Å
away from the Zr planes with pattern A. This is more than
twice the distance to the ideal centers of the tetrahedral sites
as defined by Westlake.6

The fully relaxed structure, allowing shifts of the metal
atoms as well, had Zr at its symmetric site �0,0,0�, shifts of
the H in the c-axis direction of 0.17 Å, and much smaller
shifts along c of the Be opposite to the H in a given c-axis
chain, by 0.01 Å. These opposite shifts of Be and H might
suggest a tendency toward dimerization of the chains or dis-
tortion of the Be sheets, perhaps related to what was ob-
served in SrAl2H2, where sp3 hybridization was found to be
important.29 However, in that case, the ratio of Al to H shifts
is �−0.42, as compared to the much smaller ratio of Be to H
shifts of �−0.07 in the present case.

It should be emphasized that both unstable A and S dis-
tortion patterns involve low energies. The S distortion where
both H move together has a harmonic vibrational frequency
of 550 cm−1, which is very low for a H mode.30

The displacement with unstable pattern A is accompanied
by a distortion of the band structure near EF, as shown in
Fig. 6. In particular, bands near EF around the zone center
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FIG. 3. �Color online� Calculated electronic DOS for ZrBe2 and
the Zr d and Be p projections onto the LAPW spheres. Note, how-
ever, that because of the small size of the Be sphere, much of the
Be p projection strongly underestimates the importance of the Be
contribution to the DOS. The DOS is on a per f.u. basis.
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are gapped away by �0.7 eV for a 0.19 Å H displacement,
which implies a rather large coupling for this band. Further-
more, because of the large energy range of this gapping for
modest H displacement, it may be also expected to be effec-
tive for a range of H content, including x=1.5, since the
Fermi energy still lies in the energy region affected by it.
This is the case in the DOS for the “O” supercell, which is an
x=1.5 supercell with 2 f.u., two of the three H moving op-
positely and the third held at its symmetric position, as de-
scribed below �not shown, N�EF�=0.93 eV−1/ f.u.�. This gap-
ping does not occur for stable distortion S. The strongly
upward dispersing band along �-K and �-A, which forms the
lower band in the pair that is gapped by the A distortion has,
H s character at � and hybridizes with Zr d and Be p states
away from � in the kz=0 plane. The band that forms the
downward dispersing member of the pair shows weaker k
dependence and is of Zr d–Be p character. In a rhombohe-
dral crystal field, the Zr d levels will split into a singly de-
generate ag orbital �dz2�, which is fully symmetric with re-
spect to rotation about the z axis, and four e symmetry
orbitals in two crystal field split pairs, one of which is in
plane �dxy ,dx2−y2� and the other is antisymmetric in the z
reflection �dxz ,dyz�. This latter group, which is the origin of
the upper pair of bands that split with the A distortion, cannot
hybridize with H s orbitals in the undistorted structure. Mov-
ing the H together above or below the plane �distortion S�

does not lift this restriction, but antisymmetric A distortion,
which has H atoms on opposite sides of the Zr moving in
opposite directions, does. This leads to a mixing of the lower,
H s derived band with the upper Zr derived band, and thus
the opening of the gap.

We performed supercell calculations to relate our results
more directly with experimental studies for ZrBe2Hx, x
�1.5. These were the �1� primitive cell with one H removed
�x=1, denoted “M”�, �2� a cell doubled along c and contain-
ing chains of¯H-Be-H-¯with the H in each chain displaced
in an alternating fashion along c but with all H in a given Zr
plane displaced in the same direction �x=2, denoted “Q”�,
and �3� a doubled orthorhombic cell, aorth=ahex, borth=bhex
+ahex

* , corth=chex, containing three H and one vacancy in
which two of the H are displaced oppositely and the third left
in the Zr plane �x=1.5, denoted “O”�. Both of the x�2 su-
percells had lower energies per H �i.e., higher stability� than
the ideal x=2 structure by 0.19 and 0.11 eV per H, for the
x=1 �M� and x=1.5 �O� cells, respectively.31 A qualitatively
similar result was reported by Kodibagkar et al., who con-
sidered more complex supercells.12

The energies of these supercells as a function of H distor-
tion are given in Fig. 7. As may be seen, the softness of the
H off centering depends on the environment. The two cases
that have H on opposite sides of the Zr displacing in opposite
directions �A and O� have the lowest energy for distortions.
We note that the energy differences associated with varying
H content are much larger than the scale associated with H
displacement from the 2c sites. Thus, these displacements
are not expected to play a role in the thermodynamics of
hydrogen uptake.

V. ELECTRIC FIELD GRADIENTS

As mentioned, electric field gradients are sensitive probes
of the local structure. The EFG is a rank 2 traceless tensor
that derives from the quadrupole moments of the charge den-
sity and is directly measured via the Coulomb interaction
with the nuclear quadrupole moments. In a uniaxial system,
this tensor has one unique element, Vzz, while the in-plane

-3

-2

-1

0

1

2

3

ΓMKΓAHLA

E
(e

V
)

-3

-2

-1

0

1

2

3

ΓMKΓAHLA

E
(e

V
)

Undistorted

A: �z=0.19Å

FIG. 6. Band structure near EF for ZrBe2H2 with H in the 2c
positions �top� and with the two H in the unit cell displaced along c
by 0.19 Å in opposite directions �bottom�. The gapped bands are
highlighted by arrows in the lower panel.

-20

-10

0

10

20

30

40

50

60

70

80

0 0.05 0.1 0.15 0.2 0.25 0.3

δE
(m

eV
/H

)

δz (Ang.)

S
A
M
Q
O

FIG. 7. �Color online� Energy as a function of H displacement,
on a per displaced H basis, for the various supercells and displace-
ment patterns �see text�. All atoms other than H were fixed in their
ideal positions. The energy zeros have been shifted so that the un-
distorted structures are at 0, although the different supercells have
different cohesive energies.

D. J. SINGH AND M. GUPTA PHYSICAL REVIEW B 76, 075120 �2007�

075120-4



components are Vxx=Vyy =−Vzz /2. Figure 8 shows the calcu-
lated H EFG Vzz as a function of displacement in the A and S
patterns for ZrBe2H2. As may be seen, the EFG is very sen-
sitive to H displacements and in fact changes sign near the
minimum energy for the A pattern. However, as is seen by
comparing the A and S values, the EFG is not sensitive to the
actual pattern of H displacements. Kodibagkar et al. ex-
tracted a motionally narrowed value Vzz�2�1019 V/m2 for
D in ZrBe2H1.4 at ambient temperature, with broadening and
splitting of the quadrupole line at lower temperature, to a
value of Vzz�2�1020 V/m2.12,13,32 This low temperature
value is consistent with our calculated EFG if the majority of
the H occupies the 2c sites at low temperature. It should also
be noted that these are very small values for the EFG, indi-
cating a nearly cubic site from the point of view of the field
gradient. Based on our results, one may conjecture that the
distribution of EFGs evident in the quadrupole line shapes
may be due to disordered H displacements of �0.1 Å, which
would yield a distribution of EFG values that could fill in the
spectrum between the two shoulders that may be identified as
quadrupole peaks. However, while the EFG is not sensitive
to the pattern of H displacements, it is sensitive to H vacan-
cies. In the undistorted M cell �x=1�, we obtain a H EFG
Vzz=0.51�1020 V/m2, while in the O cell �x=1.5�, we ob-
tain a range from 0.85�1020 to 1.52�1020 V/m2 for the
different H sites, suggesting the more prosaic explanation
that the line is narrowed at ambient temperature due to H
motion and broadens as the H vacancies order. It may also be
the case that the superlattice peaks observed in diffraction
are related to �partial� H vacancy ordering. It will be of in-
terest to perform more detailed structure refinements of
ZrBe2H2 at low temperature using high flux neutron diffrac-
tion when this becomes possible.

VI. SUMMARY AND CONCLUSIONS

Density functional calculations for ZrBe2H2 reveal an
electronic structure that has some features in common with
MgB2 but differs in the presence of strong hybdridization
with Zr d states around the Fermi energy. Because of this, the
� bands, which are quite two dimensional in MgB2, are three
dimensional in ZrBe2H2. This strong involvement of Zr d
states leads to strong coupling of bands near the Fermi en-
ergy with H positions. In particular, the coupling of dxz, dyz
derived bands with H displacements along the c axis in pat-
terns that are antisymmetric with respect to the Zr center is
sufficiently strong to drive those modes to be unstable. This
results in static displacements of the hydrogen away from the
2c sites. Since this instability requires a coordinated motion
of more than one H, a more complex situation may be ex-
pected in ZrBe2Hx, x�2, with weaker local off centerings
depending on the local H vacancy environment. This might
be expected to lead to a distribution of H displacements in
the actual material. In fact, while the tendency to displace
becomes weaker as the band filling is lowered from x=2, it
still exists at x=1.5. With disordered H vacancies, only some
of the Zr sites will have H atoms antisymmetrically placed
around them so that opposing H displacements can occur. On
the other hand, considering that the material has broad me-
tallic bands and that the effective H-H interaction is appar-
ently repulsive,12 it is not expected that the effective band
filling will vary much from site to site in actual samples. The
net result is that weak shifts of the H away from the 2c sites
with a wide distribution of magnitudes of the displacements
relative to the size of the average displacement are expected.
This may partially explain some of the anomalous neutron
and NMR data on ZrBe2Hx.
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