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Abstract. Hydrogen diffusivities D in C14-ZrCrzHgq and CI5-Z1CrzH; (0.2 € x <€ 0.9)
have been measured by means of pulsed-field-gradient nuclear magnetic resonance over the
termperature range 130-430¢ K. In all the samples studied the temperature dependence of D
follows an Arrhenius law above 200 K but shows marked deviations from Arrhenius behaviour
below about 180 K. This suggests that different diffusion mechanisms dominate at high and
low temperatures. The jump length of H atoms estimated by comparing D(7'} and the proton
spin-lattice relaxation rates appears (o be greater than the closest distance between teteahedral
[ZryCro] sites occupied by hydrogen in these compounds. A diffusion model that considers
jumps between next-nearest-neighbour [ZryCra] sites via metastable [ZrCra} sites is discussed.

1. Introduction

The Laves-phase intermetallic compound ZrCra, which may exist in two modifications with
related but different crystal structures (hexagonal C14 or cubic C15), absorbs large amounts
of hydrogen. Recent nuclear-magnetic-resonance {NMR) measurements of the proton spin—
lattice relaxation rates I'; have revealed high hydrogen mobility down to low temperatures
in both C14- and C15-ZrCr,H, with x < 0.5 [1, 2]. The microscopic picture of hydrogen
motion in these compounds is not clear yet, however. While the hopping rates of H atoms
can in principle be obtained from I'y data using an appropriate relaxation theory [3, 4], it
is not possible to deduce the diffusivity and the jump lengths of the hydrogen atoms from
spin-lattice relaxation measurements alone. The pulsed-field-gradient (PFG) spin-echo NMR
technique 5], on the other hand, permits direct measurement of the diffusivities D. The
combination of the two NMR techniques is very suitable to distinguish between long-range
diffusion and localized motions of the protons. Coexistence of two types of hydrogen
motion with different characteristic frequencies has been found in the related C15 system
TaV,H,(Dx) [6, 7].

In order to clarify the mechanism of hydrogen motion in ZrCr:H, we measured the
hydrogen diffusivities of Cl14-ZrCr-Hp 4 and C15-ZiCr;H, (x = 0.2,0.3 and 0.5) over
the temperature range 130-430 K using the PFG NMR technique on the samples previously
studied by NMR spin-lattice relaxation measurements [1, 2]. The comparison of I'; and D
provides information on the mean jump length d of the hydrogen atoms. The dependence
of D on the hydrogen concentration and on the host-metal structure may clarify the role of
site occupation in the process of hydrogen diffusion.

1 Alexander von Humboldt research fellow. Permanent address: Iastitute of Metal Physics, Urals Branch of the
Academy of Sciences, Ekaterinburg 620219, Russia.

0953-8984/94/316367+08319.50 © 1994 IOP Publishing Lid 6367



6368 W Renz et al
2. Experimental details

The preparation and characterization of the samples are described in earlier papers [1, 2).
For NMR measurements the powdered samples were sealed in quartz tubes under a pressure
of about 0.1 bar of He. According to the x-ray diffraction analysis, all the samples were
single phased and had retained the host-metal structure (Cl4 or C15) of the corresponding
hydrogen-free materials. The spin-lattice relaxation measurements [1, 2] gave no indications
of a phase separation in ZrCr;H, with x < 0.5 down to 11 K. This is consistent with the
phase diagram of the ZrCr,—H(D} system proposed by Somenkov and Irodova [8].

The hydrogen diffusivity was measured with a home-built PFG NMR spectrometer [9, 10]
at the resonance frequency of 37.2 MHz using the stimulated-echo sequence [11]. Typical
operating parameters were gradient pulse lengths of 1.3 ms and diffusion times A of
10 ms. In addition to pulsed magnetic field gradients G, which reached up to 25 T m™!
(corresponding to a current of 60 A through the anti-Helmholtz gradient coil), a small time-
independent field gradient was applied for echo stabilization [12). The diffusivities D were
determined from the dependence of the echo amplitude

L/ z
M(G) = Moexp | —Dy? f ( f G(t") dz") dr’ ')

0 0

on the field gradient G, where y = 2.6752x 10® rad s™! T~ denotes the gyromagnetic ratio
of the proton and T, the time between the first RF pulse and the spin echo. The deviations
from the rectangular shape of the gradient pulses were taken into account by measuring the
time dependence of the current through the gradient coil and evaluating the integrals in (i)
numerically.

3. Results and discussion

The results of the hydrogen diffusivity measurements in ZrCr,H, are summarized in figures
1 and 2. In the entire temperature range covered in the present work (430 K 2 T 2 130 K)
D lies well above 10~'* m? s~! in all samples. This indicates that hydrogen in ZrCryH,
retains high long-range diffusivity down to low temperatures. In no other metal-hydrogen
system with comparable hydrogen concentration has such a high diffusivity at 130 K been
previously observed.

As may be seen from figures 1 and 2, below about 200 K the temperature dependence of
D deviates markedly from the Arrhenius behaviour. These deviations are more pronounced
in the C15 samples than in the Cl14 sample. The effective activation enthalpies H, and
the pre-exponential factors Dy obtained by fitting Arrhenius laws to the diffusivities above
200 K are presented in table I. Below 180 K the effective activation enthalpy deduced from
the slope of an Arrhenius plot of D(T') is of the order of 60 meV for the C15 compounds
and about 80 meV for the C14 sample. Similar changes in the slope of Arrhenjus plots of
D(T) were earlier found for ¢-NbH, and ¢-TaH; [13-16].

Figure 3 shows the diffusion data for C15-ZrCroH, (x = 0.2,0.3, and 0.5) and C14-
ZrCr;Hp.4 in the low-temperature range (200 K 2 T = 130 K). It is evident that in the
C15 compounds the hydrogen diffusivity decreases with increasing x at low temperatures.
Below 180 K the D-values in C15-ZrCryH, are considerably higher than those in Cl4-
ZrCroHop4. We conclude from this that the C15 structure favours the occurrence of high
hydrogen diffusivities at low temperatures. Similar trends were found in proton spin-
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Figure 1. Temperature dependence of hydrogen diffusivity in C15-ZrCraHyz (A) and CI15-
ZrCraHp s () measured by pFG NMR. The solid lines represent the fils of equation (2) to the

data with parameters given in table 1.
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Figure 2. Temperature dependence of hydrogen diffusivity in C15-ZrCraHp 3 (O0) and Cl4-
ZiCraHg 4 (B) measured by PFG NMR. The solid lines represent the fits of equation (2) to the
data with parameters given in table 1.

relaxation measurements [17] on the related system TiCr; gH;, which exists in C14 and
C15 modifications, too.

The statistical errors in the present PFG NMR experiments are well below 5%. The
accuracy of the experiments is known to be affected by the presence of background magnetic
field gradients arising from the distribution of demagnetizing fields over the volume of
powdered metallic samples [18]. We have estimated the mean square value of these
background gradients from the decay of the spin-echo signal in the absence of any applied
field gradient. For different samples this value varies between 1.3 and 1.8 T m~'. This
results in an upper limit for a systematic error in D of about 4% at 200 K. At higher
temperatures (and therefore higher D-values) the random background gradients may affect
the accuracy of the D-values more severely.

In the entire temperature range studied the behaviour of D(T) for ZrCryH, can be
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Table 1. Parameters of hydrogen diffusion in C14-ZrCraHo s and C15-ZrCroH; (x = 0.2,0.3
and 0.5) as deduced from PFG NMR measurements, Dy and A were obtained by fitting a single
Arrhenius term to the PFG results above 200 K. The sum of two Arthenius terms with the
parameters Doy, My, Doz and My (of. (2)) satisfactorily describes the diffusivity over the
entire temperature range. Estimated uncertainties are £5% in activation enthalpies Haj, and
£20% in pre-exponential factors Dy;.

Dy Hy Do Ha Doz Hao
Sample (1078 m? s~y (meV) (1073 m?s)y (meV) {1072 m?s) (meV)
C15-ZrCroHy, 0.64 133 11 148 31 21
C15-ZrCraHps  0.78 141 1.3 157 112 39
C15-ZiCryHps 0.62 137 08 146 85 39
Cl4-ZrCnHps 0.82 144 36 186 772 68
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Figure 3. Comparison of temperature dependence of hydrogen diffusivity below 200 K in C15-
ZriCrH; (x = 0.2 (a), x = 0.3 (O), x = 0.5 {O)) and Cl14-ZrCryH,. (x = 0.4 (M)). The solid

lines represent the fits of equation (2) to the data with parameters given in table 1.

satisfactorily described by the sum of two Arrhenius terms,
D = Doy exp(—Ha /ksT) + Dy exp(—Hp/kpT). @

The fits of (2) to the present measurements are shown as solid lines in figures 1 and 2;
the fit parameters are listed in table 1. The temperature dependence (2) is expected if the
long-range diffusion proceeds by two mechanisms operating in parallel, and their relative
contributions depend markedly on temperature.

In the original analysis of the proton spin-lattice relaxation data on ZrCr;H, [2]
the possibility of changes in the effective activation enthalpy with temperature was not
considered. Rather, the I'| resulis were analysed in terms of Gaussian distributions of
activation enthalpies. These distributions came out much wider than could be justified
for crystalline compounds. This led to the conclusion [2] that an adequate description of
hydrogen motion in ZrCrH, requires a more complex model than a Gaussian distribution
of activation enthalpies. The present results suggest that part of the observed asymmetry of
the log I'; against 7~! plots is due to the deviations from the Arrhenius behaviour of D(T').
A certain distribution of hydrogen hopping rates, though much narrower than the original
one, is nevertheless necessary in order to account for the weak frequency dependence of T



NMR study of H diffusion in ZrCraH, 6371

observed at low temperatures.

Comparison of the measured D-values with the results of the proton I'| measurements
on the same sample allows us to estimate the jump length 4 of the hydrogen atoms. Such
an analysis has been previously applied to dihydrides of Ti [18] and Zr [19] and to e-phases
of NbH, and TaH, [15, 16, 20). The relationship between D as measured by PFG NMR, d
and the mean dwell time 73 of hydrogen at an interstitial site is given by

dez
6Id

where fT denotes the tracer correlation factor [21). For interstitial diffusion in ZrCrH;
with x < 0.5 we may assume f7 = 1, since less than 5% of all tetrahedral sites are occupied
by hydrogen. The value of 7y at the tempesature of the relaxation rate maximum, T, can
be estimated from 13 = C/w, where w/27 is the resonance frequency for protons and C
is a constant of the order of unity whose exact value depends on the model used for the
calculation of pair correlation functions determining the proton relaxation rate. The simplest
approximation, the so-called Bloembergen—Purcell-Pound (BPP) model [22], gives C = 1.23
if only hydrogen~hydrogen interactions are taken into account. Lattice-specific Monte Carlo
calculations of the relaxation rate are available only for jumps between nearest-neighbour
sites on simple cubic, BCC and FCC hydrogen sublattices [23] and for jumps between third-
nearest-neighbour sites on a simple cubic hydrogen sublattice [18]. The hydrogen sublattice
in the Laves-phase compounds is much more complex [24], however. In order to compare
the predictions of the liquid-like BPP model with lattice-specific calculations we have used
the Monte Carlo result C ~ 0.93 [23] for the FCC lattice which reflects the general symmetry
of the C15 structure, The results of the estimates of  at Ty, based on (3} are summarized
in table 2.

D=

(3)

Table 2, Hydrogen jump lengths d estimated from measurements of the H diffusivity, D, and
the proton spio-fattice relaxation rate [1, 2] on the same samples. Tmay is the temperature of the
relaxation rate maximum at /27 = 19.3 MHz. d-values were obtained from the BpP model
[22] and from the Monte Carlo (Mc) calculations [23] for the ®CC lattice.

d
(10-[[) m)
Twax  D{Tmax)

Sampie (K) (1072 m?s 1y per  MC
C15-ZrCrsHyz 140 6.3 [.05 1.70
C15-ZrCraHys 167 9.3 2.38 207
CI5-ZrCrHys 170 100 246 214
Cl4-ZrCraHps 175 112 2.61 227

In C15-ZrCroH, hydrogen is known to occupy the so-called g sites, i.e. tetrahedral
interstitial sites surrounded by two Zr and two Cr atoms [8]. Each g site has three nearest-
neighbour (two of them at a distance of 0.152a and one at 0.181a) and eight next-nearest-
neighbour g sites at a distance of 0.265a, where a is the cubic lattice parameter. For C15-
Z1Cr;Hy 5 these distances are equal to 1.10, 1.31 and 1.93 x10™'% m, respectively. As can be
seen from table 2, for all the C15 samples the estimated values of d are considerably longer
than the distance between the nearest-neighbour tetrahedral sites available for hydrogen
atoms. In order to actually test whether longer-range hops are involved in the process of
hydrogen diffusion, the correlation functions have to be calculated on the basis of such
fonger hops on the hydrogen sublattice in ZrCr;H,. However, the difference between the
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C-values of the BPP model, that disregards the discrete lattice structure, and the lattice-
specific calculations is rather small for the hydrogen concentrations studied in the present
work [23]. The d-values obtained by either one of the two models are close to those
found from the guasielastic neutron-scattering experiments in the related C15 compounds
ZrVaHze (d = (2.36 £ 0.07) x 1070 m) [25] and HfV,H;3 (d = (2.0-2.5) x10710 m)
[26]. This meets the expectation that a common mechanism of hydrogen diffusion cccurs
in the C15 compounds. A jump length of d =2 2 x 10~'° m allows us to conclude that
the most frequent diffusion paths lead to jumps between next-nearest-neighbour g sites at
the distance of 0.265a2. This suggests that the tetrahedral e interstices, formed by one Zr
and three Cr atoms, play an important role in the diffusion process. Each g site has one
nearest-neighbour e site at a distance of 0.152a that forms a link to its three next-nearest-
neighbour g sites (cf. figure 4). Although in ZrCr-H, no evidence for hydrogen location
on e sites has been found, the transitions between next-nearest-neighbour g sites are likely
to occur via this metastable site. Results deduced from I'y studies of hydrogen in HfV.H,
and ZrV,H, [27, 28] suggest that a path which includes the ¢ sites provides a lower barrier
height for hydrogen diffusion. In these systems hydrogen atoms start to occupy e sites at
high hydrogen concentrations {(x = 3), resulting in an increased hydrogen diffusivity and a
reduced effective activation enthalpy H,.

03 a

Figure 4. Different interstitial sites in C15-ZrCryH,: g sites (O) and e sites (), The large
apen circles represent Zr atoms (from [24]).

There is no direct information on the positions occupied by hydrogen atoms in C14-
ZrCrH, . It is expected that only tetrahedral interstices formed by two Zr and two Cr atoms
are occupied. This is consistent with neutron diffraction experiments on the related C14
compound ZrMn;D; [29]. However, in contrast to the C15 structure, where all [Zr;Crs]
interstices are equivalent, in the C14 structure there are four inequivalent types of [Zx2Crs]
site {named h;, h, k and 1) [30]. The distance between the nearest-neighbour [ZraCrs] sites
in the C14 structure is nearly the same as in the C15 structure. Thus the estimated d-value
for C14-ZrCryHp 4 is also considerably higher than this distance.

From the pre-exponential factors Dg; of the contributions to the diffusivity we may
calculate an atterpt frequency

p.ﬂ—GXD‘”

ST dig @
of the underlying diffusion mechanism. In view of the small hydrogen concentrations
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we assumed fT = I and neglected blocking of occupied sites. z denotes the number of
possible jump paths for the hopping hydrogen. For jumps between next-nearest g sites via
e sites this number is one. With these assumptions and d ~ 2 x10~'%m we find for the
mechanisms dominating at high temperatures attempt frequencies v} = 1-2x 10'? s~!. This
is significantly lower than the typical hydrogen vibration frequency vy =~ 4x 103 s™! [31] in
Laves-phase hydrides and therefore incompatible with the picture of classical (over-barrier)
diffusion jumps. On the other hand, in the so-called adiabatic model of quantum diffusion
[32] v# is expected to be slightly smaller than the Debye frequency of the host metal,
vp =~ 9 x 10'2 5~ [31], and not related to the hydrogen vibration frequency. We propose
therefore that the hydrogen diffusion in the ZrCrsH, Laves phase should be discussed in the
framework of quantum diffusion [33]. The change in the effective activation enthalpy of
D(T) below 200 K can then be understood quite naturally as due to a change in the dominant
mechanism from tunnelling between excited states [32] to the phonon-assisted tunnelling
between the ground states [34]. Such a change-over has been cobserved previously for
hydrogen diffusion in a-NbH, and «-TaH, [4, 14-16].

4, Conclusions and outlook

The present pulsed-field-gradient NMR study of hydrogen diffusion in C14- and C15-ZrCr;H,
(x < 0.5) shows that in these compounds hydrogen retains high long-range diffusivity down
to low temperatures. In the cubic structure C15 the low-temperature diffusivities decrease
with increasing x. Below about 180 K the hydrogen diffusivities observed in the CI5
structure are significantly higher than those in the hexagonal C14 structure. In all samples
studied, below about 200 K the temperature dependence of I¥ shows marked deviations from
the Arrhenius behaviour, suggesting a change in the dominant diffusion mechanism. The
diffusion data can be interpreted consistently in terms of quantum mechanical mechanisms
of diffusion. The change in the effective activation enthalpy below 200 K may be ascribed
to the increasing contribution of tunnelling transitions between the ground states, whereas
above 200 K the tunnelling occurs between excited states in neighbouring interstices. In
all compounds investigated the jump length of H atoms obtained from a combined analysis
of the diffusivity and the proton spin—lattice relaxation rate exceeds the distance between
the nearest-neighbour tetrahedral interstitial sites considerably. The data are consistent with
hydrogen jumps between next-nearest-neighbour tetrahedral sites. Additional information
on the mechanisms of hydrogen diffusion in the ZrCr;H, compounds may be obtained from
studies of isotope effects on hydrogen motion. We plan to perform such experiments in the
near future.
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