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Abstract. The potential wells seen by hydrogen in several interstitial sites in the C-15 Laves
phase compounds, ZrTi2 (ZT), ZrCr2 (ZC) and TiCr1.85 (TC), have been investigated using
incoherent inelastic neutron scattering (IINS) data. Parameters describing the harmonic terms
in the H-potential well in the three compounds are obtained from the first localized hydrogen
vibrations as measured by the IINS technique. The H-potential well is created by the sum of the
pairwise potentials between the hydrogen and the four metallic atoms forming the different types of
tetrahedral site which are labelled g (A2B2), e (AB3) or b (B4) in the C-15 structure. A Born–Mayer
potential has been used to model these pairwise interactions, with parameters determined from the
IINS. The resulting overall potential energy surface describes well the observed site occupancies
and the diffusional behaviour of H in the ZC and TC compounds. On the other hand, due to
the higher H content of the ZT sample, H–H interactions have to be included in the model for a
proper description of the energy potential well in this compound. The potential energy surface
enables us to identify the different diffusion paths of H in the C-15 structure and hence to infer the
different time scales of H diffusion (localized and long-range diffusion) that have recently been
shown to exist in these compounds (Skripov A Vet al1996J. Phys.: Condens. Matter8 L319–24;
1997J. Alloys Compounds253/254432–4).

1. Introduction

The behaviour of hydrogen in Laves phase compounds is currently a very active subject of
research [1–3], due to hydrogen’s high solubility and high diffusivity in these compounds,
characteristics that make these systems excellent candidates for use in metal hydride batteries
and hydrogen storage applications. In practice, in order to meet the requirements of the
applications (high equilibrium pressure and hydrogen solubility and multiple rechargeability),
multicomponent alloys of the form(AaAb . . . An)(BaBb . . . Bm)2 [4, 5] are used. A large
number of compounds with the AB2 formula crystallize in one of the closely related Laves
phases, either the cubic C-15 (ZrV2, TaV2) or the hexagonal, C-14 and C-36 (ZrMn2, ErMn2)
phases [6, 7], and can accommodate a wide mixture of metals on either the A or B site.

Figure 1 shows the unit cell of the C-15 structure. Three different tetrahedral interstitial
sites are available for occupation by H in the phase, namely the g site (A2B2), the e site
(AB3) and the b site (B4). Each unit cell contains 96 g sites, 32 e sites and eight b sites.
An example of each of these sites can be seen in the figure. Simultaneous occupation of
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Figure 1. A unit cell of the cubic C-15 structure. The three types of tetrahedral site, g, e and b, are
shown in the figure.

all these sites would give a maximum hydrogen to metal ratio,x, of around 6. In practice,
significantly smaller concentrations are achievable. Predictions of the site occupied by the
H and of the maximum H content in C-15 compounds have usually been made using the so-
called Westlake criteria, based on purely geometrical considerations [6]. These criteria state
that the radius of the interstitial ‘hole’, calculated assuming touching hard spheres, should
be larger than 0.4 Å and that the distance between hydrogens should be greater than 2.1 Å.
Empirical models [8] have also been used in this context. These models aim to predict the heat
of formation and the heat of H solution in binary and ternary intermetallics. Application of the
Westlake criteria would, in general, lead to the conclusion that, at low H concentrations, the
g site is preferentially occupied and that only when the H concentration increases would the
e site be partially occupied. Maximum hydrogen to metal ratios of aroundx = 2 are obtained
when the above criteria are fulfilled.

IINS (inelastic incoherent neutron scattering) has often been used in the past to investigate
metal–hydrogen systems because such measurements yield values of the quanta of vibrational
energy associated with motions of the H atom in the metal [9]. The energy gained or lost
by the neutron after interacting with the H atom represents the exchange of a quantum of
vibrational energy. Energies up to 40 meV are associated with lattice vibrations, the so-called
acoustic mode, where the H atom is moving in phase relative to its neighbouring metal atoms.
Above 40 meV, typically in the range 50–160 meV, the localized hydrogen vibrations appear.
These modes originate, at low concentrations, from the localized hydrogen vibrations at an
interstitial site, while for higher concentrations (stoichiometric hydrides) they correspond to
propagating optical vibrations where the amplitudes of the metal atoms are negligibly small.
For the localized modes, the H can be considered as moving in the potential well formed by its
nearest-neighbour metals. One, two or three peaks are observed, depending on the symmetry
of the site. The observed number of peaks and their energies yield information on the geometry
of the occupied site. Thus, for H in the octahedral sites of an FCC structure (as in Pd) we
observe a single peak at around 60 meV [9, 10] and for H in the smaller tetrahedral sites of FCC
compounds (Ti, Zr) we also obtain a single peak, but at a higher energy of around 145 meV
[10, 11]. On the other hand, two peaks, a singlet and a doublet at 120 and 170 meV, are
observed in theα phase of Nb–H, due to the tetragonal distortion of the tetrahedral sites in the
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BCC structure [11]. At higher H concentrations, H–H interactions must also be considered.
In the stoichiometric case, these interactions can be considered to give rise to dispersion of
the optical modes, an effect that has been observed experimentally [12]. Thus, using small
amounts of H in a deuteride, it is found that the H vibration is sharp, in contrast to the broad band
observed from the corresponding hydride because the deuterons vibrate at a lower frequency
and therefore do not couple with the frequencies of isolated H atoms.

At higher energy transfers, successive excited vibrational states are observed in the IINS
spectra. If the energy spacings are uniform the potential is close to being harmonic, while if the
spacings become more widely spaced the well becomes steeper than harmonic and vice versa.
Thus Ikedaet al [11, 13] have shown the H-potential wells in Zr and Ti (fluorite structures) are
quite close to harmonic while the potentials seen by H in Nb or in V are highly anharmonic.
The shape of the H wavefunctions can also be inferred from theQ-dependence of the IINS
peak. If the potential is harmonic, the wavefunctions will be given by Hermite polynominals
and theQ-dependence of the intensity of the transition from the ground state to thenth excited
state will be proportional toQ2n exp(−〈u2〉Q2), where〈u2〉, the m.s.d. of the H in the site,
is determined by the parabolic term in the potential. Experimentally, theQ-dependence was
shown to be far from harmonic for some of the excited states in NbH0.3, although they were
harmonic for scattering from the ground state to the first excited states. Using a model potential
energy surface, Sugimoto and Fukai [14–16] have performed quantum mechanical calculations
on the wavefunctions of the self-trapped state of H in the tetrahedral sites of the BCC metals, V,
Nb and Ta. They calculated the energy levels and the wavefunctions of the ground state and the
excited states of H by solving Schrödinger’s equation for H in the potential well formed by the
nearest-neighbour atoms. The pairwise H–metal potentials were modelled by a double Born–
Mayer potential containing both a short- and a long-range part. Their results are in agreement
with the localized vibrational spectra observed by IINS. The calculated wavefunctions for Nb
show the same features as those obtained experimentally [13]. Similarly, Benningtonet al
[17] describe the H potential at the tetrahedral site in the hexagonalα-phase of yttrium by
using an anharmonic potential in spherical coordinates. They used perturbation theory to take
into account anharmonic effects and H–H interactions. Because, in this system, the H atoms
are trapped in pairs either side of an yttrium atom, it was necessary to introduce an H–H
interaction to explain the symmetric and asymmetric vibrations of the H pair. More recently,
Elsasseret al [18] have appliedab initio electronic structure calculations combined with the
frozen phonon method to obtain the energy surface seen by an H atom in palladium and the
excited state energies observed are remarkably close to those observed experimentally [19].
These calculations suggest that the wavefunctions are far from spherically symmetric even in
the first excited state and hence that perturbation methods have to be used with great care.

In the absence of first principles calculations, simple Born–Mayer potentials have been
used to model H vibrations in metal hydrides. Fukai and Sugimoto [20] have used them
to explain the previously observed [10] smooth decrease of the optical mode frequency with
lattice parameter in the metal hydrides with the fluorite structure. Stonadgeet al [21] modelled
the potential well of H in the C-15 structure, TaV2, using fitted Born–Mayer potentials. The
parameters of the potential were taken from the observed local mode frequencies in the hydrides
TaHx and VHx . In a previous publication [22], we have followed a similar approach to analyse
the localized modes in the C-15 ZrTi2H3.6.

We present here an IINS study of the hydrogenated C-15 Laves phase compounds ZrTi2

(ZT), ZrCr2 (ZC) and TiCr1.85 (TC). We have measured the vibration energies of the local modes
of hydrogen in these alloys, and, by using Born–Mayer potentials, have derived parameters
to describe the potential well of the hydrogen. In addition to these three compounds, ZT, ZC
and TC, we have included in the discussion IINS data on a C-15 ZrV2H0.5 (ZV) compound



10356 J F Ferńandez et al

Figure 2. X-ray diffraction patterns at RT from the three samples (a) ZrTi2H3.6 (ZT), (b) ZrCr2H0.9
(ZC) and (c) TiCr1.85H0.4 (TC). Solid lines represent the best fit to the data using the Fullprof
software. Differences between observed and calculated diffraction patterns are shown at the bottom
of each pattern.

measured by other authors [23]. Relative site stabilities and possible diffusion paths can be
derived from the resulting potential energy surface.

2. Experiment

The intermetallic alloys were prepared by arc melting the appropriate quantities of the elemental
components (99.95% purity) in an argon atmosphere. Several remeltings of the alloys were
performed in order to improve their homogeneity. The composition of the samples was checked
by energy dispersive x-ray (EDX) analysis. No deviation from the expected compositions were
observed. Before hydrogenation, the alloys were annealing at appropriate temperatures (973,
1273 and 1525 K for the ZT, TC and ZC samples respectively) in a vacuum of better than
10−3 Pa. This is an important step, particularly for the ZC and TC samples, where both the
C-14 and the C-15 phases can be present [24]. Hydrogenation was accomplished in a Sieverts-
type apparatus, described elsewhere [25]. The H/metal ratio,x, was determined from the
pressure drop in a calibrated volume to an accuracy of 0.01 inx. For the TC sample, surface
deactivation with air was needed to prevent loss of hydrogen because of the high equilibrium
pressure under ambient conditions [26]. Table 1 shows the values ofx for the ZT, ZC and TC
samples. Figure 2 shows the x-ray patterns at room temperature for the hydrogenated samples.
All of them show the C-15 structure as the main phase. X-ray patterns were refined with
the Fullprof software [27] (solid lines in figure 2) and the lattice parameters obtained from
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the refinement are shown in table 1. The lattice parameters andx-values agree well with the
published data on these compounds [26, 28, 29]. The lower intensity for the ZT x-ray pattern
is due to an over-large particle size. Even after hydrogenation, this compound is very difficult
to crush to an appropriate size for XRD. On the other hand, ZC and TC reduce to a very
fine powder during hydrogenation (around 30µm average diameter). A minority phase was
observed for the ZC compound, as can be seen in figure 2. The extra peaks can be indexed as
the C-14 phase, which is the stable structure at low temperatures. As mentioned above, the ZC
sample was annealed at 1525 K and then quenched to RT to prevent this happening. However,
partial transformation to the low temperature C-14 phase was difficult to avoid. On the other
hand, the TC and ZT x-ray patterns show no sign of additional phases.

IINS experiments were carried out on both the INIB beryllium filter detector instrument at
the ILL (Grenoble, France) (ZC and TC) and the TFXA instrument at the ISIS spallation neutron
source (Rutherford Appleton Laboratory, Didcot, UK) (ZT, ZC and TC). TFXA provides a
better resolution than INIB, but at a price of a halved counting rate. Spectra were acquired
at 20 K and 200 K for the ZC and ZT samples and at 20 K, 100 K and 200 K for the TC
sample. The TFXA instrument allows a simultaneous determination of the neutron diffraction
pattern at moderate resolution. The diffraction data are very helpful in confirming that there
is no phase transformation at the measurement temperatures because this is known to happen
below RT in other C-15 alloys, such as ZrV2 [23] and HfV2 [30]. The neutron diffraction
patterns obtained for the TC and ZT samples correspond to the C-15 structure (a = 6.97 Å
anda = 8.16 Å respectively) in agreement with our x-ray data at room temperature so that
the possibility of a phase change can be discarded. For the ZC sample, however, although the
C-15 structure is still the main phase (a = 7.28 Å), there is evidence of another minority phase
which cannot be indexed with the C-14 structure at 20 K. This might suggest that the C-14
phase experiences a phase transition at low temperatures.

3. Results

Figure 3 shows IINS spectra obtained for the three alloys, (a) ZT (TFXA) [22], (b) ZC (IN1B)
and (c) TC (IN1B), at several temperatures. The energy axis spans the range from 80 to
220 meV, within which the fundamental modes of the localized hydrogen vibrations (optic
modes) appear. Two (ZT), three (ZC) and two (TC) peaks, corresponding to the first
H excitations, are observed respectively in the IINS spectra. As can be seen from the figures,
additional bands (dashed–dot lines) at 110 meV, 145 meV (ZT), 120 meV, 170 meV (ZC) and
130 meV, 180 meV (TC) appear in the experimental data. These additional bands are too intense
to be due to opto-acoustical phonon excitations (side-bands). At the low temperature of the
measurements, side-bands on the neutron energy loss side of the main peaks can be expected,
but their intensity relative to the fundamental modes, which can be determined by harmonic
theory [31], should be only around 0.1–0.15. We believe the additional bands observed in the
spectra may be due to hydrogen in other sites in the C-15 structure rather than the regular sites.
Also, in the case of the ZC compound, the presence of a minority phase, as observed by x-ray
diffraction, may be responsible for these peaks. More discussion will be given below.

Solid lines in figure 3 represent the function fitted to the spectra with three or two bands
representing the localized H vibrations plus the additional bands plus the corresponding side-
bands (not shown in figure 3) due to opto-acoustic processes (10–15% of the intensity of the
local mode). A Gaussian profile is assumed for the optical peaks and also for the side-bands
and additional bands. A sloping background has been subtracted from the data prior to fitting.
The additional bands in the spectra make it difficult to assign the frequencies. In order to
make this assignment in a comprehensive way, in the fitting procedure, we have fixed the
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Figure 3. IINS spectra from the three samples (a) ZrTi2H3.6 (ZT), TFXA, (b) ZrCr2H0.9 (ZC),
IN1B and (c) TiCr1.85H0.4 (TC), IN1B. Spectra at several temperatures are displayed. Solid lines are
the best fit to the data with three local modes plus side-bands and additional bands (see text). Local
modes and additional bands are shown as dashed and dot–dashed curves respectively. Side-bands
are not shown. The mean positions of the local modes at 20 K are shown by arrows.

intensity ratio between the optic modes to be close to 1:1:1 (or 2:1) and have allowed for a
small increase of the width of the bands with increasing energy transfer. In doing this, we
are assuming that integration over the momentum transfer has little influence on the intensity
ratios. As shown in [31], in beryllium filter spectrometers, as is the case for IN1B and TFXA
instruments, the relative intensities of the different parts of the one-phonon IINS spectra are,
to a first approximation, automatically internormalized for different energy transfers.

The data show that there is no important modification of the spectra with temperature
except for the broadening due to reduced lifetimes in the excited states, presumably due to
phonon–phonon coupling. Fitting of the high temperature spectra was done starting from the
values obtained for the low temperature fit, and allowing for an increase in the width of the
peaks and a small change in the intensity ratio due to different Debye–Waller factors. No
important change in the position of the peaks was observed with temperature, again indicating
that there is no significant change in the structure.

Figure 4 shows TFXA spectra for the ZC (a) and the TC (b) samples obtained from rather
short runs. As can be seen from the figure, the statistics are not good enough to improve
on the IN1B results for these compounds. The TFXA results are certainly compatible with
IN1B spectra and the same optic modes fit both spectra. Table 1 summarizes the parameters
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Figure 4. IINS spectra from the ZC and TC samples ((a) ZrCr2H0.9 (ZC) and (b) TiCr1.85H0.4
(TC)), from rather short runs at the TFXA instrument. Solid, dashed and dashed–dot lines have
the same meaning as in figure 3.

obtained from these fits (fundamental mode energy,Ei , width of the peaks,0i , and the intensity
ratio, Ii/Ix , wherex refers to the lowest energy mode). As discussed in [22], ZT shows two
optical modes, a singlet and a doublet, at 127 and 170 meV respectively (figure 3(a)). This
is compatible with H being in an e site which has tetragonal symmetry, as is suggested for
this compound by neutron diffraction [29]. Figures 3(b) and 4(a) show the spectra for the
ZC sample. These are described in terms of three main peaks at 134, 144 and 157 meV with
intensity ratios close to 1. This is consistent with the absence of degeneracy as expected for
H in a g site. H occupancy of a g site in ZC is anticipated on the basis of the Westlake criteria
and also from fits to the neutron diffraction data [32]. The IINS spectrum obtained for the
ZC compound is quite similar to that reported for ZrV2 [23] at similar H concentrations. The
TC sample shows a more complex spectrum (figures 3(c) and 4(b)). Taking into account our
criteria of similar intensities for each optical mode, we assign one of these to the 110 meV
peak and two overlapping modes to the 160 peak. We therefore need to explain the origin
of other peaks in this spectrum, particularly the peak at 180 meV. The TiCr1.85 alloy used is
clearly non-stoichiometric (we have to use this concentration as the Laves phase structure is
not stable at higher Cr/Ti ratios), so that some Ti atoms must occupy B sites, thus forming
tetrahedral sites additional to those discussed in the introduction. Figure 5 shows the atomic
environment around an A atom in the C-15 structure. There are 12 B atoms surrounding
each A atom forming a polyhedron, usually called a Friauf polyhedron. The whole C-
15 structure can be built up using these polyhedra. In the TC sample, 7.5% of Cr sites
are occupied by Ti. Therefore, about one out of 12 Cr sites in the Friauf polyhedron is
occupied by a Ti atom. One Ti on a B site is shared by four g sites. This means that around
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Figure 5. Environment of an A atom in the C-15 structure. The 12 B atoms surrounding the A atom
form the so-called Friauf polyhedron. Some of the A and B atoms have been labelled to help the
description of sites and planes in the text. Some of the g, e and b sites are shown in the figure. The
localized movement of H in a hexagonal ring of the Friauf polyhedron is shown by solid arrows.
Long range diffusion takes place across g′ or e sites, dashed arrows.

15% of the normal g sites become 3Ti–1Cr sites. Because of the higher affinity of H for
Ti than Cr, we can expect this site to be occupied with a rather higher probability than a
normal g site. In addition, around 25% of the e sites become 2Ti–2Cr sites. As shown in
the discussion, these two new types of tetrahedral site could explain the new peaks in the
spectra.

As mentioned in the introduction, we have included in the discussion IINS data from a
C-15 ZrV2H0.5 (ZV) compound measured by other authors [23]. The first localized hydrogen
vibrations in this compound appear at energies of 140.4 meV, 146.6 meV and 158.2 meV as
measured by IINS at 200 K.

4. The model

For metal–hydrogen systems, motions can be identified on four different time scales:
(i) movement of the conduction electrons, (ii) vibrations of the H atoms at high frequency within
the almost rigid metal lattice, (iii) H vibrations together with the metal atoms at frequencies
of the lattice modes and (iv) diffusive hops of the H atoms between different tetrahedral sites.
The movements of electrons are faster than any other motion while hydrogen vibrations are
also faster than motions involving movements of the lattice atoms which, in turn, are faster
than the diffusive motions of the H atoms, so we assume all these types of motion to be
decoupled. Also, the time spent by an H atom on a given lattice site is much longer than
the time involved in diffusive jumps between sites. Taking account of these different time
scales, we can make use of the Born–Oppenheimer approximation as well as the adiabatic
approximation to describe the H as moving in a potential well created by its nearest-neighbour
metal atoms. It is assumed that, at each H position, the electronic structure has relaxed to its
minimum energy for a particular distribution of positive charges. The shape of the potential
well is therefore the variation of total energy of the H–metal system with the displacement of
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the H atoms from the centre of the site. The metal atoms will relax adiabatically away from
their positions in the absence of H to new positions that minimize the total energy of the system
including the energy of the proton in its ground state.

The Hamiltonian for the proton can be written as[
− h̄2

2m

{
∂2

∂x2
+

∂2

∂y2
+

∂2

∂z2

}
+ V (r)

]
ϕ(r) = Eϕ(r) (1)

whereV (r) is the total potential energy as a function of H position,ϕ(r) its wave function
andm is the proton mass. As a first approximation,V (r) can be considered to be a linear
superposition of the potential energies for the interaction of the H with each nearest-neighbour
metal atoms. As mentioned in the introduction, H in C-15 compounds occupies only tetrahedral
sites, i.e. sites formed by four metal atoms. We have chosen Born–Mayer potentials to describe
these interactions. This type of potential was introduced by Born and Mayer [33] to represent
the repulsion of closed shell ions in ionic crystals but can equally be used to represent the
repulsive core interaction in a metallic system. The attractive part of the metallic interaction
due to the conduction electrons is, of course, much more complex, but, as a first approximation,
we will neglect it here on the grounds that it will vary slowly with|r − Ri | whereRi is the
mean position of theith neighbouring atom relative to the centre of the site taken as the origin.
On this assumption, the total potential energy,V (r) is given by

V (r) =
∑

i

Ci exp

(
− |r − Ri |

ρi

)
. (2)

Ci andρi are parameters characteristic of each metal atom forming the site and the sum is
extended to the four nearest neighbour atoms. The eigenvalue problem is solved in the harmonic
approximation by expanding the potential to second order around its minimum. By choosing
the appropriate Cartesian axes, any second order cross term will disappear (see figure 5 for a
description of the Cartesian axes chosen). We are, therefore, left with the eigenvalue problem
for a three-dimensional anisotropic harmonic oscillator.

V (x, y, z) = V (|r0|) + 1
2mω2

x(x − x0)
2 + 1

2mω2
y(y − y0)

2 + 1
2mω2

z (z − z0)
2 (3)

where the energy levels are given by the well known formula

E = (nx + 1
2)h̄ωx + (ny + 1

2)h̄ωy + (nz + 1
2)h̄ωz + V (|r0|) (4)

whereωx , ωy andωz are dependent on theCi andρi parameters and on theRi distances and
are given by

ω2
i = 1

m

∂2V (r)

∂x2
i

∣∣∣∣
r=r0

(5)

where the second derivative is calculated at the minimum of the potential. An extra equation
is obtained from the condition for the H atom being at the minimum of the potential. For an
H atom in a g site, the first H excitations are given by

h̄ωx = h̄√
m

[(
2

CB

ρBRB

(
d2

B

4R2
B

+
d2

B

4ρBRB

− 1

)
exp

{
− RB

ρB

}
− 2

CA

ρARA

exp

{
− RA

ρA

})]1/2

(6a)

h̄ωy = h̄√
m

[(
2

CA

ρARA

(
4R2

A − d2
A

4ρARA

− d2
A

4RA

)
exp

{
− RA

ρA

}
+2

CB

ρBRB

(
4R2

B − d2
B

4ρBRB

− d2
B

4R2
B

)
exp

{
− RB

ρB

})]1/2

(6b)
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h̄ωz = h̄√
m

[(
2

CA

ρARA

(
d2

A

4R2
A

+
d2

A

4ρARA

− 1

)
exp

{
− RA

ρA

}
−2

CB

ρBRB

exp

{
− RB

ρB

})]1/2

(6c)

wheredA anddB are the distances between A and B atoms respectively.
For the case of H in an e site, we obtain

h̄ωx = h̄ωy = h̄√
m

[(
3

2

CB

ρBRB

(
R2

B − (d − RA)2

ρBRB

− R2
B + (d − RA)2

R2
B

)
× exp

{
− RB

ρB

}
− CA

ρARA

exp

{
− RA

ρA

})]1/2

(7a)

h̄ωz = h̄√
m

[(
3

CB

ρBRB

(
(d − RA)2

ρBRB

+
(d − RA)2

R2
B

− 1

)
× exp

{
− RB

ρB

}
+

CA

ρ2
A

exp

{
− RA

ρA

})]1/2

(7b)

whered is the distance from the A atom to the basal plane containing the B atoms.
The experimental values for the first hydrogen excitations (table 1) are used as inputs to

calculate, throughωx , ωy andωz, the potential parametersCA, ρA, CB andρB . The metal–H
distances,RA andRB , are also obtained by finding the minimum of the potential well.

5. Discussion

For an H atom in a g site, five parameters (CA, ρA, CB, ρB andRA) have to be fitted in order
to fulfil the three equations (6a–c) plus the condition of hydrogen being at the minimum of
the energy potential. This implies that there is some freedom in the determination of the
parameters. This freedom is even higher in the case of a hydrogen atom in an e site where
there are only two equations (7a, b) plus the condition of hydrogen being at the minimum of
the energy potential. It would be desirable to obtain a unique set ofC–ρ-values that solve
the equations. In a previous publication [34] we have shown that this is possible if we solve
together the equations for the four compounds, ZrTi2, ZrCr2, TiCr1.85 and ZrV2, under the
assumption that theC–ρ-values for each metal, Zr, Ti, Cr or V, are similar in the different
compounds. At the same time, we fixed the metal–hydrogen distances,RA andRB . For the
sake of clarity, we reproduce here the procedure for obtaining theC–ρ-values characteristic
of each metal.

The metal–hydrogen distances,RA andRB , are fixed in a touching hard-spheres approach
by using the values of the hydrogen hole size calculated by Westlake [6] (0.44 Å (ZT),
0.48 Å (ZC), 0.37 Å (TC) and 0.40 Å (ZV) at the H concentrations used in this work) and
the well known atomic radii of the metallic elements [6] (1.602 Å, 1.462 Å, 1.282 Å and
1.346 Å for Zr, Ti, Cr and V respectively). These radii are determined on the assumption of
close packing in the metal in its elemental form. The calculated values for the metal–hydrogen
distances using this approach are summarized in table 2.

To confirm the accuracy of the calculated metal–hydrogen distances we can use neutron
diffraction data from Fruchartet al [32], Didisheimet al [35, 36] and Irodovaet al [37]. In
these works, the position of the deuterium atom in the C-15 ZrV2Dx , at x values above 1.5,
and in the C-15 ZrCr2Dx compound, atx values higher than 2.89, were studied. To extrapolate
their data to the hydrogen content of our samples we can use a result from Didishiemet al [35]
showing that the coordinates of a D atom in ZrV2Hx do not vary significantly with deuterium
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Figure 6. Relationship betweenρ (Å) andC (eV) parameters for (a) zirconium in ZT, ZC, ZV
alloys, (b) titanium in TC, ZT alloys, (c) chromium and vanadium in ZC, TC and ZV alloys.
(d) Relationship betweenρA andρB in the four alloys. Note the logarithmic scale of theC-axis.
See the legend to distinguish between the different symbols.ρ is given in Å andC in eV.

content. Hence, from the change of lattice parameter with deuterium content [32, 35–37] we
have calculated Zr–D distances of 1.99 Å and 1.98 Å in ZrV2D0.5 and ZrCr2D0.9, respectively,
which are in very good agreement with the values obtained with the hard-sphere method
which are shown in table 2, specially taking into consideration the isotopic effect which should
increase these distances by around 1%.

Miron et al have obtained neutron diffraction data on the deuterated ZrTi2D3.9 C-15
compound [29]. The parameters fitted to these data showed the deuterium to be at the centre
of the tetrahedral e site (RA = RB = 1.92 Å). However, this experiment was done in the
early 1970s and it may be that the usefulQ-range of the instrument used was not sufficient to
resolve a small deviation of the position of the H from the centre of the e site, as we would
predict in these four compounds. Deviations from the centre of the site as predicted here have,
in fact, been observed in the similar C-15 systems ZrCr2Dx [32, 37], ZrV2Dx [35, 36] and
TaV2Dx [38] (x > 1).

We have studied the solutions of equations (6a–c) by a trial and error method and the
results can be seen in figures 6(a)–(d). Thex-axis spans theρ-range in which it is possible to
find solutions to equations (6a–c) for the imposed metal–hydrogen distances. The variation
of C with ρ for Zr (a), Ti (b) and Cr and V (c) in the four compounds ZT, ZC, TC and ZV
are shown. To obtain these curves we allow for a small variation of the metal–hydrogen
distances of 0.001 Å from the value calculated with the touching hard-spheres method and
also we have taken into account the error involved in the determination of the experimental
frequencies, 1 meV for isolated peaks and 2–5 meV in the case of overlapping peaks.
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These uncertainties give rise to a range ofC–ρ-values that solve the equations as can be
seen in figures 6(a)–(c).

The second condition we have to apply to arrive at a unique set ofCZr , ρZr , CT i , ρT i , CCr ,
ρCr , Cv andρv values is to assume that the parameters of the potential created by each metal in
the different alloys are similar. As can be seen from figure 6(a), theC–ρ-curves for Zr in the
different compounds are quite similar. This means that if we assume similarρZr values in ZT,
ZC and ZV compounds then theCZr values are also similar and then the interatomic potential
created by zirconium in the three compounds is similar. This conclusion can also be extended to
the titanium atom in ZT and TC compounds (figure 6(b)) and to the chromium atom in ZC and
TC compounds (figure 6(c)). However, the assumption that the sameρZr value holds for Zr in
ZT, ZC and ZV compounds, the sameρT i holds for Ti in TC and ZT compounds and the same
ρCr holds for Cr in TC and ZC compounds put some restrictions on the possibleρ values. This
can be seen in figure 6(d) where the dependence ofρB onρA in the four alloys is shown. An
almost linear dependence is obtained. If we chose a certain value forρZr in the ZT alloy, let us
say 0.15 Å , the value forρT i should be around 0.12 Å. ThenρT i in the TC alloy should be also
around 0.12 Å which fixes the possibleρCr -values in the TC and ZC alloys. A best fit is obtained
whenρZr in ZT is as close as possible to its value in ZC and ZV,ρT i in ZT is as close as possible
to its value in TC andρCr in ZC is as close as possible to its value in TC. Once theρ-values
have been fixed for each metal, theC-values can be directly obtained from figures 6(a)–(c).

Table 2 shows the parameters obtained from the analysis above to describe the energy
potential well of H in the ZT, ZC, TC and ZV compounds. The values quoted in table 2 are
those showing the smallest differences for the same metal in the different alloys. As can be
seen, the potential well can be described byC- andρ-parameters characteristic of each metal,
with small variations between them. The first excited state energy level differences calculated
from the fittedC- andρ-values are also given in table 2 for the preferred sites in each compound.
These values can be compared with the experimental values recorded in table 1. As can be
seen, good agreement is obtained. In the following, we will use theseC–ρ-values to discuss
the site occupancy and diffusion behaviour of hydrogen in the four compounds.

5.1. Relative stability of the H sites

For the TC, ZC and ZV samples, where the H is in a g site, thex-, y- andz-directions are
as shown in figure 5. Thus the three vibrations,ωx , ωy andωz correspond respectively to
vibrations parallel to a line joining adjacent B atoms which is perpendicular to a line joining
A atoms, a vibration perpendicular to the lines joining adjacent A and adjacent B atoms and a
vibration parallel to adjacent A atoms which is perpendicular to adjacent B atoms. For H in the
e site of the ZT sample, the axes are shown in figure 5 asXe, Ye andZe. The frequenciesωx ,
ωy correspond to vibrations in a plane parallel to theXe–Ye-plane containing the B atoms and
ωz is a vibration along theZe-axis. Figure 7 shows a comparison between the Born–Mayer
potential (solid lines) calculated from theC- andρ-values given in table 2 and the harmonic
approximation (dot–dashed lines) used to calculate first excited state energies along the three
directions,X, Y andZ. Figures 7(a)–(c), (d)–(f) and (g)–(i) correspond respectively to the ZT
(e site), ZC (g site) and TC samples (g site). As can be seen, the harmonic approximation holds,
approximately, for the ZC and TC compounds but it is not as good for theY - andZ-directions
of the ZT compound (e site). This departure from harmonic behaviour is expected from the
asymmetry of the e site in that direction. The ground state and first excited state are also shown
in the figure for all cases. It should be noted that the ground state and first excited state lie close
to the harmonic range of the potential, except for theY - andZ-directions in the ZT sample
where they are clearly in the anharmonic region.
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Figure 7. Comparison between Born–Mayer potential (solid lines) and its harmonic approximation
(dashed–dot lines) along the three directions,X, Y andZ (Xe, Ye andZe for ZT) for the three
compounds, ZT (a)–(c), ZC (d)–(f) and TC (g)–(i). The ground state and the first excited states are
also shown. Distances along the axes are given in Å.

Figure 8 shows a contour map plot of the H energy potential in theXY - andYZ-planes
for the three compounds TC (a), (b), ZC (c), (d) and ZT (e), (f). Contour lines are plotted every
0.05 eV. In constructing the energy potential surface, we have taken into account atomsA1,
A2, B1, B2 andB3 for theXY -plane and atomsA1, A2, B1, B2, B4 andB5 for theZY -plane
(see figure 5). Two minima are shown in theXY -plane. These correspond to two of the six
g sites lying at a face of the Friauf polyhedron. The saddle point between these sites can also
be observed in the figure. The three tetrahedral sites g, e and b as well as the saddle points
between them are shown in theZY -plane in figures 8(b), (d), (f).

Figure 9 shows a contour map plot of the H-energy-potential well in a plane containing the
A atoms labelled 1, 2 and 3 in figure 5. This plane is perpendicular to theXY -plane and forms
a 60◦ angle to theZY -plane. The separation between contour lines is 0.05 eV and the atoms
used to generate the potential areA1, A2, A3, B2, B3 andB6 . In this plane three potential
minima are observed, corresponding to two g sites on different faces of the Friauf polyhedron
(labelled g and g′) and to an e site. Although the energy potentials around the g, g′ and e sites
are identical to those shown in figure 8, the saddle point between g and g′ sites is different to
that between g and g′ sites as discussed below.

Values of the calculated energy potential at the different minimaVg, Ve andVb and at the
saddle pointsVg−g, Vg−e, Ve−b andVg−g′ are collected in table 3. The relative stability of each
site is given by this potential energy plus the sum of the those zero point energies at the site.
In the harmonic approximation, the zero point energy is given by

∑
h̄ωi/2 while the extra

energy at the saddle points is obtained similarly from the two perpendicular potential energy
curvatures at the saddle. Table 3 shows the zero point energies,E0, at g and e sites and at
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Figure 8. Contour plots of the hydrogen energy potential for the three compounds, TC (a), (b), ZC
(c), (d) and ZT (e), (f), in theXY -plane (a), (c) and (e) and in theYZ-plane (b), (d) and (f). Contour
lines are drawn every 0.05 eV. See figure 5 for a definition of the axes. The potential energy value
at several representative contour lines is shown. Distances along the axes are given in Å.

the saddle points between the g–g sites, g–e sites and g–g′ sites, calculated from the energy
potential surface in the harmonic approximation. According to our results, the g site is the
most stable site in all four compounds (Vg +E0g). As expected from its small size, the b site is
always far away in energy from the other two, indicating that this site should always be empty.
Assuming a Boltzmann distribution for the occupation of the sites, the differences in energy
between the g and e sites implies that only the g site is occupied at temperatures below RT.
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Figure 9. Contour plots of the hydrogen energy potential for the three compounds in a plane
perpendicular to theXY -plane and form a 60◦ angle to theZY -plane, TC (a), ZC (b) and ZT (c).
Contour lines are drawn every 0.05 eV. The potential energy value at several representative contour
lines is shown. Distances along the axes are given in Å.

Neutron diffraction on ZrCr2Dx (x > 2.89) [32] and ZrV2Dx (x > 1.5) [35, 36] shows that
only the g sites are occupied at low D concentration and only a fraction of e sites are occupied
at the maximum D content. Also, from [6] it is concluded that, for TC, ZC and ZV samples,
the g site should be the stable one. On the other hand, to calculate the potential parameters for
the ZT compound, we have assumed that H occupies the e site, as has been shown before from
neutron diffraction data [29]. This is in contrast to the fact that the energy potential is smaller
at the g site. We attribute this anomaly to the high H content of this sample which contains
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Table 3. Values of the potential at g,Vg , e, Ve, and b,Vb, sites as well as at the saddle points
between g sites sharing the same hexagonal face in the Friauf polyhedron,Vg–g , g and e sites,
Vg–e, g and g′ sites at different hexagonal faces of the Friauf polyhedron,Vg–g′ , and e and b sites,
Ve–b. The zero point energy,E0, at g and e sites and at g–g, g–e and g–g′ saddle points is also
included.

Sample Vg E0g Ve E0e Vb Vg–g E0g–g Vg–e E0g–e Vg–g E0g–g′ Ve–b

ZT 0.302 0.174 0.409 0.212 0.858 0.405 0.174 0.545 0.218 0.545 0.208 1.325
ZC 0.630 0.219 0.705 0.228 0.955 0.830 0.218 0.855 0.219 0.855 0.203 1.195
ZV 0.531 0.221 0.624 0.248 0.982 0.715 0.217 0.805 0.244 0.805 0.230 1.365
TC 0.456 0.215 0.639 0.235 1.109 0.565 0.233 0.755 0.219 0.745 0.196 1.365

3.6 H atoms for every Zr atom; i.e. 3.6 out of the 12 g sites in the tetrahedron should be filled.
This cannot be done without violating the Westlake criteria, which state that the minimum
distance between H atoms is 2.1 Å. On the other hand, the occupation of a proportion of e sites
by H allows us to fulfil both criteria, namely the distance between H atoms and the size of
the hole [6]. To represent the repulsive potential between H atoms, we assume a linearized
Thomas–Fermi approximation [39]. In this scheme, an interstitial proton attracts some valence
electrons to screen the positive charge. In the linearized approximation the interaction between
the H atoms assume the form

VH(r) = (e2/4πε0)
exp(−k0r)

r

wherek−1
0 is the screening radius, which can be calculated in the free electron approximation,

e is the electron charge andε0 is the dielectric constant of vacuum. We have calculated ak−1
0

value of 1.99 Å for an electronic density of 15.2 × 1022 cm−3 for the ZrTi2H3.6 compound.
Assuming that H is in the e site, and taking into account the distances between nearest neighbour
pairs of g and e sites (de−g = 1.30 Å andde−e = 2.45 Å [6]), the potential energy at the g site
and e site becomeVg = 1.13 eV andVe = 0.44 eV respectively. These values clearly show that
H–H interactions make the e site lower in energy than the g site. Therefore, for this compound,
with a high H content, H–H interactions have to be included in the calculations. This is not the
case for the ZC, ZV and TC compounds because the low H concentration makes it possible to
have H on g sites far enough away from each other.

The model also allows us to predict the expected energy level differences for H in the
possible alternative tetrahedral sites in the C-15 structure. These energies have been calculated
for the e sites in the ZC, TC and ZV compounds and for the g site in the ZT compound.
The energies for the e sites in the ZC, TC and ZV samples are higher (138 meV (doublet),
180 meV (singlet) for ZC, 129 meV (doublet), 211 meV (singlet) for TC and 151 meV (doublet),
194 meV (singlet) for ZV) than those obtained for the g sites, reflecting the smaller size of the
e sites in these compounds. In the case of H in the g site of the ZT compound, however, we
predict energies of 104 meV, 117 meV and 127 meV for the three modes of vibration. The
additional weak peak at 110 meV observed in the IINS spectrum of the ZT sample, figure 3(a),
could be an indication of partial occupancy of the g site in this compound although the above
mentioned inaccuracy of the energy potential well for this compound mentioned above should
be remembered.

As mentioned in the results section, the additional peaks observed in the TC spectra
(figures 3(c) and 4(b)) could be due to vibrations of H in g or e sites where a Cr atom has
been replaced by a Ti atom. We have calculated local mode energies of 102 meV, 177 meV
and 201 meV for a 3Ti–1Cr g-type site and local mode energies of 129 meV, 130 meV and
193 meV for a 2Ti–2Cr e-type site, ignoring any atomic displacements. These values should
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be considered just as a rough approximation as we have not included the site relaxation due
to the replacement of a Cr atom by a Ti atom which should reduce the local mode energies.
Anyway, the local mode energies for the 2Ti–2Cr e-type site are similar to those of the additional
peaks observed in figure 3(c), 130 meV and 180 meV. Thus it is reasonable to suggest that
the additional peaks in the IINS spectra of the TC sample are due to the localized hydrogen
vibrations in this site.

5.2. The activation energy for H diffusion

In the temperature range in which over-barrier jumps become important, activation energies for
the diffusion of H can also be estimated from our energy potentials. Diffusion of interstitials
by thermal activation has been calculated before by Vineyard [40] on the basis of classical
absolute rate theory. Later Katzet al [41] and Le Claire [42] introduced quantum corrections
and anharmonic effects to Vineyard’s formulae. Assuming that the lattice modes are not very
different at the bottom of the potential and at the saddle points, we can arrive at an expression
for the activation energy, given by

Ea = Vs − V0 − 1

2

3∑
i=1

h̄ωi0 +
1

2

2∑
i=1

h̄ωis

whereVs and V0 are the energies at the saddle point and at the bottom of the potential
respectively and the third and fourth terms are the zero point energy at the bottom of the
potential and at the saddle point respectively. Zero point energy values are shown in table 3.
Energies between 0.20 eV and 0.25 eV were obtained for the g–g, g–e and g–g′ saddle points.
(We have not included the ZT compound in our discussion of activation energies as we have
shown above that H–H has to be included in the calculation of the energy potential well for
this compound at this H concentration.)

Table 4. Activation energy obtained from our calculations for H jumping between g sites in the
same hexagonal face of the Friauf polyhedron,Ea(g–g), between g and e sites,Ea(g–e) and between
g sites in different hexagonal faces of the Friauf polyhedron,Ea(g–g′).

Sample Ea(g–g) (eV) Ea(g–e) (eV) Ea(g–g′) (eV)

ZC 0.20 0.23 0.21
ZV 0.18 0.30 0.28
TC 0.13 0.30 0.27

Table 4 shows the resulting activation energy between g sites,Eg–g, g–e sites,Eg–e, and
g–g′ sites,Eg–g′ , for ZC, ZV and TC compounds. The most interesting feature of these values
is that smaller activation energies are obtained for the g–g path as compared to g–e path and
g–g′ path. It should be realized that H jumps between g and g sites represents a localized motion
as H cannot escape from the hexagonal face of the Friauf polyhedron by this mechanism. In
figure 5 this localized movement in an hexagonal ring is shown by arrows. In order to move to
another polyhedron, H atoms have to jump across to a g′ site or go via an e site. Therefore the
differences inEa could be related to two different mechanisms of diffusion, localized diffusion
between g sites, and long range diffusion via g–e or g–g′ jumps.

It is interesting to note that activation energies in the range of 0.2 eV have been
obtained [43] for long range diffusion in several C-15 Laves phase compounds. Experimental
evidence of localized motion has also been reported by several authors [1–3, 44]. Bowman
et al [44] have measured the proton relaxation time in TiCr1.85Hx in the low (α-phase) and
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intermediate (α′-phase) for H contents in both the C-15 and C-14 structures. For a C-15
TiCr1.85H0.55 sample they obtained large differences inEa above and below 180 K. They
interpreted their results as being due to two different mechanisms of diffusion, a localized
motion with anEa value of 0.03 eV and long range diffusion with anEa of 0.19 eV.
This is in agreement with results obtained from out model although we have obtained
rather largerEa values. Renzet al [45] have studied the H mobility in C-14 and C-
15 ZrCr2Hx samples by pulse field gradient nuclear magnetic resonance. They observed
marked deviations from Arrhenius behaviour in the hydrogen diffusivity at low temperatures
down to 180 K. TheEa for long range diffusion obtained from the high temperature part of
their data is 0.146 eV, which is also smaller than the value obtained by us for g–g′ and g–e
jumps.

Our results suggest that two different mechanisms of H motion in C-15 Laves phase
compounds are possible: a fast localized motion with an activation energy between 0.1 eV
and 0.2 eV, corresponding to jumps between g sites placed on the same hexagonal faces of the
Friauf polyhedron. The second mechanism is the long range diffusion via jumps between g–e
sites of g–g′ sites with an activation energy higher than 0.2 eV.

6. Conclusions

IINS spectra of the C-15 Laves phase compounds ZrTi2H3.6, ZrCr2H0.9 and TiCr1.85H0.4 have
been acquired at temperatures between 20 K and 200 K and the local modes of hydrogen
in these alloys have been measured. The IINS spectrum of the ZT sample is composed of
a doublet at 127.5 meV and a singlet at 169.6 meV. For the ZC sample we have obtained
three optic modes at 133.6 meV, 143.8 meV and 157.2 meV. Finally, a peak at 110.2 meV
and two overlapped peaks at 160.1 meV have been measured for the TC sample. This
information has been used to derive the energy potential well seen by H atoms in these
alloys. The energy potential has been built up using interatomic potentials of the Born–
Mayer type for each of the metal atoms forming the tetrahedral sites, g (A2B2), e (AB3) or
b (B4). The calculated potentials provide a good description of the observed site occupancies
and of the diffusion behaviour of H in the ZC, TC and ZV (IINS data from [23]) compounds.
On the other hand, due to the higher H content of the ZT sample, H–H interactions have
to be taken into account for a proper description of the potential energy surface in this
compound. The energy potential allows us to infer the different diffusion paths of H in
the C-15 structure. It has been shown that the activation energy for diffusion of hydrogen
between g sites sharing the same face of a Friauf polyhedron (g–g jumps) is smaller than
the Ea values for jumps between g sites on different faces of the Friauf polyhedron (g–g′),
or from g to e sites. This can be related to the different time scale motion (localized and
long range diffusion) of the H atoms that have been shown recently to exist in Laves phase
compounds.

The empirical potential model we have developed is not perfect but it is a reasonable
starting point for modelling other aspects of the system and is probably as good as possible
until first principles ‘frozen phonon’ type calculations become available.
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