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Summary 

We present the results of new high resolution quasielastic neutron 
scattering measurements of the hydrogen diffusion coefficient in LaNi,H, 
between 280 and 400 K. The crucial importance of multiple-scattering 
corrections in the evaluation of data at small momentum transfers is dem- 
onstrated. The diffusion coefficient follows the equation 

D = (2.1 + 0.7) X 10e3 exp{-(275 f 15) meV/kT) cm* s-l 

and decreases with decreasing hydrogen concentration. The anomalous 
concentration dependence and the existence of composite spectra at large 
momentum transfers is explained by hydrogen diffusion in the presence of 
structural traps. 

1. Introduction 

The inter-metallic hydride LaNi,H, is considered to be a prototype 
material for hydrogen storage. In addition to its desirable properties for 
practical applications, the La.Ni,H, system offers challenging opportunities 
for fundamental research. A topic of considerable interest is the mobility 
of hydrogen in intermetallic compounds where some unusual diffusional 
behaviour may occur which in general does not take place in dilute solutions 
of hydrogen in monatomic solids: (i) the more complicated structures pro- 
vide different energetically non-equivalent hydrogen sites, some of which 
may act as structural traps [l] ; (ii) owing to the high hydrogen concentra- 
tion blocking effects, which may induce hydrogen back jump effects and 
hence alter the “local” hydrogen mobility on an atomic length scale [2] , are 
important. 
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Although the system LaNisH, has been studied a number of times using 
nuclear magnetic resonance (NMR) [3 - 81 and quasi-elastic neutron scat- 
tering (QNS) [9 - 121, the hydrogen diffusion coefficient and the activation 
energy for hydrogen diffusion in this material are not accurately known. 
The NMR results for the activation energy range from 230 meV [ 51 to 410 
meV [8] while the diffusion coefficients at room temperature range from 
0.7 X lop8 cm2 s-l [7] to 11 X lo-* cm’ s-l [5]. The neutron scattering 
results do not appear to be more reliable and are distributed between 110 
meV [12] and 240 meV [ll] and between 0.8 X lo-’ cm* SC’ [ll] and 
250 X lo-* cm* s-l [lo] respectively. With the exception of the work re- 
ported in ref. 11, the neutron scattering measurements suffered from insuf- 
ficient resolution and were mainly performed at large momentum transfers 
Q where the complicated structure of the scattering function for hydrogen dif- 
fusion in an intermetallic did not allow the self-diffusion coefficient to be deter- 
mined. Our previous measurement [l l] was restricted to small Q in order to ob- 
tain the macroscopic diffusion coefficient and the microscopic details of the 
jump process which are obtained at large Q were not investigated. Unfortu- 
nately this restriction had a further drawback since it prohibited multiple- 
scattering corrections which require knowledge of the scattering function 
over a large range of Q. Although multiple-scattering corrections have not 
generally been used in research on diffusion in concentrated metal hydrides, 
they turn out to be essential for an accurate determination of the diffusion 
coefficient. 

In this paper we report the first results of a reinvestigation of hydrogen 
diffusion in LaNisH, which was undertaken in order to clarify the discrep- 
ancies found in the literature and to obtain information on the microscopic 
behaviour of the hydrogen jump process. 

2. Quasi-elastic neutron scattering on hydrogen in metals 

The double-differential incoherent neutron cross section a*o/ao as2 for 
diffusive hydrogen motion at small Q is given by [ 131 

~ = -exp{--BW(Q)} 1 
a*0 UHinc fiDQ2 

au aa 47r 7~ (tiDQ*)* + (fiw)* 
(1) 

where (THinc is the incoherent hydrogen cross section, exp{--2W(Q)} is the 
Debye-Waller factor and D is the hydrogen diffusion coefficient. It should 
be noted that a QNS experiment measures hydrogen diffusion over distances 
proportional to 2n/Q = 30 - 40 A. Thus QNS is a typical bulk method where 
the inner and outer surfaces do not play a role in the determination of the 
diffusion coefficient. 

At larger values of Q the neutron samples smaller volumes in space and 
microscopic details of the single diffusion step appear in the spectrum. For 
powder samples where the scattering function has to be averaged over all 
orientations the linewidth for jump diffusion in the entire Q regime is often 
approximated by 
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(2) 

where 1 is an “effective” jump length which coincides with the geometrical 
hopping distance only for cubic Bravais lattices. 

3. Experimental details 

The LaNi,H, sample was produced by arc melting under argon. An- 
nealing at 1400 K and subsequent X-ray investigations ensured that a single- 
phase compound was produced. Hydrogenation was performed using a novel 
aluminium container which was able to support pressures up to 150 bar and 
which allowed measurements to be made at temperatures up to 400 K with 
a low container background. In order to achieve a homogeneous hydrogen 
concentration the powder sample was charged and discharged several times. 
Finally we established an equilib~um pressure of 3 bar at room temperature. 
According to the pressure-concentration-~mperature data of van Mal [14 ] 
this corresponds to the composition LaNi,H,. The sample transmission was 
78% for 6.2 A neutrons. 

The QNS experiments were carried out using the backscattering spec- 
trometer IN10 of the high flux reactor at the Institut Max von Laue-Paul 
Langevin. Quasi-elastic spectra were obtained at six temperatures between 
280 and 400 K for up to 10 momentum transfers Q (0.15 A--” < Q < 1.9 8-l). 
Measurement were also performed at a hydrogen concentration corre- 
sponding to the minimum hydrogen concentration in the 0 phase /3min which 
decreases with increasing temperature. 

The quasi-elastic spectra were first corrected for resolution and the 
resulting halfwidths at half-maximum (HWHM) obtained at 303 K are shown 
in Fig. 1 as a function of Q. The broken line was obtained by fitting eqn. 
(2) to the data. While the linewidth pattern follows the functional form of 
eqn. (2) at large Q, severe deviations from the Q2 dependence are evident at 
small Q where l’ = Q2 should hold regardless of any model assumptions. This 
is demonstrated even more clearly in Fig. 2 where the linewidth data ob- 
tained at small Q for two different temperatures are plotted against Q2. 
Again strong deviations from the expected Q2 law appear. 

The marked distortions of the linewidth results originate from multiple- 
scattering processes which have a particularly strong effect on the observed 
linewidths at small Q. This can be understood by simple reasoning. At small 
momentum transfers most of the doubly scattered neutrons, which make 
the largest contribution to multiple scattering, have been scattered twice at 
large Q where the scattering function yields large linewidths. Thus they tend 
to cause a marked false broadening in the small Q range. At large 9, how- 
ever, multiple scattering is only of minor importance: most of the doubly 
scattered neutrons are scattered twice at medium Q or once at a large and 
once at a small Q. In both cases the resulting width does not differ much 
from the width of the scattering function of the singly scattered neutrons. 
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MOMENTUM TRANSFER QlA-‘I - 

Fig. 1. Quasi-elastic linewidths obtained from LaNisHI, at 303 K as a function of momen- 
tum transfer Q before (---) and after ( -) performing multiple-scattering correc- 
tions. The curves were obtained by fitting the data to eqn. (2) (0, without multiple- 
scattering corrections; 0, with multiple-scattering corrections). 

Fig. 2. Quasi-elastic linewidths obtained from LaNisH6 at small momentum transfers Q as 
a function of Q2 before (0, 0) and after (0, w) multiple-scattering corrections. 

Therefore multiple-scattering corrections are essential for a reliable 
determination of the hydrogen diffusion coefficient at small Q. For this 
purpose we adapted the program Discus [15] which simulates the scattering 
process by a Monte Carlo method and allows for a correction of the multiple- 
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scattering contribution. From the discussion above it is clear that in order to 
correct at small Q knowledge of the scattering function at large Q is neces- 
sary. We proceeded in the following way: (i) an overall Q dependence of the 
observed linewidth was obtained from a fit of eqn. (2) to the linewidths 
corrected for resolution; (ii) multiple-scattering corrections were calculated 
for this linewidth pattern; (iii) the spectra were corrected and new linewidths 
were evaluated. The whole procedure was repeated until self-consistency 
was achieved which normally occurred after three cycles. The linewidths 
corrected in this way are included in Figs. 1 and 2. At small Q they follow 
the expected Q2 behaviour and allow a reliable determination of the hydro- 
gen diffusion coefficient. In the overall Q range their Q dependence obeys 
eqn. (2) (full curve in Fig. 1) where the effective jump length 1 is equal to 
2.6 A. 

Figure 3 shows an Arrhenius representation of the diffusion coeffi- 
cients. Two features should be noted: (i) as well as producing changes in the 
magnitude of D, multiple-scattering processes also tend to decrease the 
apparent activation energy for diffusion since their impact is largest at low T 
where the intrinsic widths at low Q are smallest; (ii) measurement along the 
boundary of the /3 phase yields the surprising result that the hydrogen dif- 
fusion coefficient decreases with decreasing hydrogen concentration and at 
higher temperatures the phase boundary shifts to lower hydrogen concentra- 
tions. The hydrogen selfdiffusion coefficient in LaNi,H, between 280 and 
400 K is 

D = (2.1 f 0.7) X 1O-3 exp{-(275 + 15) meV/kT) cm* s-l (3) 

At room temperature eqn. (3) yields D = 5 X lo--* cm* s-i. 
Finally we report the following observations at large Q which will be 

evaluated and discussed in detail in a forthcoming publication [ 161. 
(i) While at small Q the line shape of the QNS spectra can accurately 

be described as a single lorentzian after the inaccuracies due to multiple 

-C-$-Y LoNliHa wthout 

++-e LaNliHo 

-#+ toNI,HO,, wtth 

Fig. 3. Hydrogen diffusion coefficient in LaNi5Hb before and after the multiple-scattering 
correction. The results for the ~min sample are also included (see text). 



358 

scattering have been removed by appropriate corrections (see the extremely 
small error bars in Fig. l), the line shape at larger momentum transfers 
reveals strong deviations (see the large error bars in Fig. 1 both with and 
without multiple-scattering corrections). The quasi-elastic spectra are com- 
posed of narrow and broad components which appear to have different 
temperature dependences. 

(ii) The integrated intensity of the quasi-elastic spectra decreases with 
increasing ~mpemture. This decrease becomes more si~ific~t at large Q 
and is much more pronounced than that predicted by the ~eby~waller 
factor. 

4. Discussion 

Our measurement and evaluation of the quasi-elastic neutron spectra 
for LaNi,H, lead to a hydrogen diffusion coefficient which allows a consis- 
tent interpretation of more than 40 individual neutron spectra and consti- 
tutes a very careful determination of hydrogen diffusion coefficients in 
hydrides with high hydrogen concen~a~ons. The room ~mperature value 
of L1(300 K) = 5 X lo-* cm 2 -l s falls in the middle of the range of compa- 
rable NMR results which extend from 1.4 X lo-* cm2 s-r [8] to 11 X lo-’ 
cm2 s-l [5] , whereas all the previous low resolution neutron scattering 
results [9, 10, 121 ((80 - 250) X lo-* cm2 s-l) are grossly inaccurate. The 
NMR studies yielded values between 230 and 300 meV for the activation 
energy. Karlicek and Lowe [S] reported two activation energies of 410 and 
210 meV. The higher value was obtained from field gradient techniques and 
was assigned to long-range diffusion. Our value of 275 meV is again located 
within the range of the NMR results. Our original neutron scattering result 
of 242 meV [ll] is reproduced in the data without applying the multiple- 
scattering corrections of Fig. 3, whereas the value of 110 meV found by 
Noreus et al. [ 121 is clearly out of the question. 

We now comment on the concentration dependence of the hydrogen 
diffusion coefficient which decreases with decreasing hydrogen concen- 
tration. Such behaviour can be understood in terms of energetically non- 
equivalent hydrogen sites or structural traps which are saturated first. The 
remaining hydrogen which does not find an empty trap is able to diffuse 
faster. This fraction increases with increasing hydrogen concentration and 
can produce an increasing hydrogen diffusion coefficient despite the in- 
creased blocking. Preliminary results for ar-LaNisH, [16] show an even 
smaller diffusion coefficient than our Pmin sample in agreement with our 
model. The experimental observation of composite spectra at large Q further 
confirms the picture of hydrogen diffusion in the presence of structural traps 
where broad and narrow components in the spectra reflect the fractions 
of trapped and free hydrogen and exhibit different temperature depen- 
dences [ 171. Such a process has recently been considered quantitatively by 
Hempefmann et al. [ 11 and has been successfully applied to the intermetallic 
hydride Ti~.~Mn~.sH~. 
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Finally we consider the missing intensity fraction. The observation of 
a quasi-elastic intensity which decreases strongly with increasing T can be 
understood as a consequence of additional broad quasi-elastic components 
in the spectrum. Most of their intensity lies outside the limited energy 
window of the backscattering spectrometer (+ll PeV). Since their relative 
fraction increases strongly with Q, they have to be associated with a local 
jump mechanism which could either be a consequence of structural effects 
or be related to hydrogen back jumps [2] . Similar observations have also 
been made for Ti,,,Mni.sH, and ZrMn,H, [l] and Ti0.sZr&rMnH3 [18], 
indicating that their appearance might be independent of the structure and 
be due to back jumps as a consequence of the high hydrogen concentration. 

5. Conclusion 

We have performed high resolution quasi-elastic neutron scattering 
measurements in order to determine the hydrogen diffusion coefficient in 
LaNi,H,. Extensive investigations of the influence of multiple scattering on 
the quasi-elastic spectra revealed its crucial importance at small momentum 
transfers where the diffusion coefficient can be measured independently of 
model assumptions. The diffusion coefficient was found to exhibit an anom- 
alous concentration dependence which was related to the existence of 
composite spectra at large momentum transfers and was interpreted in terms 
of diffusion in the presence of structural traps. 
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