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In order to study the mechanism and parameters of hydrogen diffusion in A15-type intermetallic Nb3Al, we
have performed high-resolution quasielastic neutron scattering measurements in Nb3AlHx �x=0.13 and 1.77�
over the temperature range 10–407 K. The experimental results are consistent with a coexistence of two
hydrogen jump processes: the fast H motion along the chains formed by interstitial d �Nb4� sites and the slower
H jumps from one chain to another. It is found that the modified Chudley–Elliott model taking into account the
structure of the d-site sublattice gives a qualitative description of the experimental data for Nb3AlH0.13. The
faster jump process in Nb3AlH0.13 corresponding to the long-range H diffusion along the d-site chains is
characterized by the activation energy of 194 meV. In Nb3AlH1.77 the d-site chains are more than half filled,
and the faster jump process is well described in terms of a model of local H jumps within pairs of nearest-
neighbor d sites on the chains.
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I. INTRODUCTION

The cubic intermetallic compounds A3B with A15-type
structure �space group Pm3n� show a number of unusual
physical properties.1,2 Some of the A15-type compounds
�mostly those with A=Ti and Nb� can absorb large amounts
of hydrogen.3–9 The host lattice usually retains the A15 struc-
ture after hydrogen absorption. Previous studies of the ef-
fects of hydrogen in A15 materials were devoted mainly to
its impact on the superconducting transition
temperature.3–7,10 However, little is known about the hydro-
gen mobility and the mechanisms of H diffusion in these
compounds. Nuclear magnetic resonance �NMR� studies of
H mobility have been reported for the A15-type hydrides
Ti3IrHx,

11 Ti3SbHx,
12 V3GaHx,

13 and Nb3AlHx.
14 While the

results for Ti3SbHx, V3GaHx, and Nb3AlHx suggest complex
diffusion mechanisms implying at least two frequency scales
of H jumps,12–14 the NMR data cannot give direct informa-
tion on spatial aspects of hydrogen motion. Such information
can be obtained from quasielastic neutron scattering �QENS�
measurements probing both the temporal and spatial scales
of atomic motion.15,16 In the present work, we apply incoher-
ent QENS to study the mechanism and parameters of H dif-
fusion in the A15-type compound Nb3Al. The Nb3Al-H sys-
tem appears to be particularly suitable for such a study since
the incoherent scattering cross sections of both Nb and Al are
very small.

X-ray diffraction studies5 of Nb3AlHx at room tempera-
ture have shown that in the hydrogen concentration range
0.2�x�1.5 there are two coexisting phases with the same
A15-type host lattice, but with different lattice parameters. A
single-phase state of Nb3AlHx with the A15-type host lattice
has been found for x�0.2 and 1.5�x�2.2.5 On the basis of
the general trends of site occupancy in hydrides of interme-
tallic compounds17 and the neutron diffraction data for A15-
type Nb3SnH1.0,

4 Ti3SbD2.6,
18 Ti3IrDx,

19 and Nb3AuHx,
20 we

may expect that H atoms in Nb3AlHx occupy the 6d posi-

tions of the space group Pm3n �i.e., the tetrahedral interstitial
sites coordinated by four Nb atoms�. This is also consistent
with the neutron diffraction results for nonstoichiometric
Nb3�Al0.84Nb0.16�D2.52.

21 The unit cell of the A15-type lattice
with interstitial d sites is shown in Fig. 1. B atoms form a bcc
sublattice, and A atoms occupy the 6c sites �1/2, 1/4, 0� on
the faces of the unit cell. The sublattice of d sites is isomor-
phous to that of A atoms. These sites form three sets of
nonintersecting chains in the �100�, �010�, and �001� direc-
tions. The distance between the nearest-neighbor d sites in
the chains, r1=a /2, is 22% shorter than the shortest distance
between d sites on different chains, r2=�3a /2�2, where a is
the lattice parameter. Since jump rates of hydrogen in inter-
metallics strongly depend on distances between the corre-

FIG. 1. The unit cell of A15-type compound A3B with intersti-
tial d sites. Large gray circles, A atoms; large black circles, B at-
oms; small black circles, d sites. The numbers correspond to six
Bravais sublattices forming the lattice of d sites.
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sponding sites,22 a hydrogen atom is expected to perform
many jumps along a chain before it jumps to another chain.
Thus, the structure of the d-site sublattice in A15-type com-
pounds suggests the possibility of quasi-one-dimensional ef-
fects on hydrogen diffusion.

II. THE JUMP MODEL

In this section we derive the incoherent dynamic structure
factor for H diffusion over interstitial d sites in the A15-type
lattice. We follow the approach of Ref. 23 generalizing the
Chudley-Elliott model24 to the case of non-Bravais lattices.
In order to build a realistic jump model, in our case we have
to take into account the jumps both to the nearest-neighbor
and to the next-nearest-neighbor sites. The master equation
for a diffusion process without correlations between con-
secutive steps can be written in terms of the conditional
probability P�r , t� of finding a particle on a site r at a time t
if it was at the origin at t=0. The lattice of d sites in an
A15-type structure consists of a superposition of six Bravais
sublattices �Fig. 1� which are labeled by the subscripts m, n.
We denote by Smn

k a jump vector from sublattice m to sub-
lattice n with a distance vector of the elementary cells k. For
each of the six sublattices the master equation can be written
as

�

�t
Pn�r,t� = �

m=1

6

�
k

�Wmn
k Pm�r + Smn

k ,t� − Wnm
k Pn�r,t��,

m � n , �1�

where Wmn
k is the probability �per unit time� of a jump from

sublattice m to sublattice n with the elementary cell vector k.
Each d site has two nearest neighbors �on the same chain� at
the distance r1 and eight next-nearest neighbors at the dis-
tance r2. Therefore, in our model

Wmn
k =�

1

2�1
if the sites are separated by r1,

1

8�2
if the sites are separated by r2,

0 otherwise.

�2�

Here �1 and �2 are the mean residence times of a hydrogen
atom at a site before a jump to one of the nearest and next-
nearest sites, respectively.

The conditional probability densities for sublattices
Pn�r , t� are related to the self-correlation function Gs�r , t� by

Gs�r,t� = �
n=1

6

Pn�r,t� , �3�

which denotes the conditional probability density of finding
a hydrogen atom at time t at position r �any sublattice� if it
was at t � 0 at the origin �any sublattice�. The initial condi-
tions are

Gs�r,0� = ��r� �4�

and

Pn�r,0� =
1

6
��r� . �5�

The Fourier transformation of Gs�r , t� with respect to both
space and time yields the incoherent dynamic structure factor
Sinc�Q ,�� which is basically the quantity measured in QENS
experiments.

The system of coupled equations �1� can be solved by
Fourier transformation into momentum space

�

�t
Pn�Q,t� = �

m

Pm�Q,t���
k

Wmn
k exp�iQSmn

k � − �mn�
l,k

Wnl
k 	 ,

�6�

where �mn is the Kronecker delta symbol. This system can be
written as a matrix equation

�

�t
P = �̃P , �7�

where �̃ is the jump matrix with the elements

�̃nm = �
k

Wmn
k exp�iQSmn

k � − �mn�
l,k

Wnl
k . �8�

Taking into account Eq. �2� and introducing the jump rate
ratio �=�1 /�2, we obtain the jump matrix for our system in
the form

�̃ =
1

�1

− �1 + �� Cx ExyCz ExyCz ExzCy ExzCy

Cx − �1 + �� ExyCz ExyCz ExzCy ExzCy

ExyCz ExyCz − �1 + �� Cy EyzCx EyzCx

ExyCz ExyCz Cy − �1 + �� EyzCx EyzCx

ExzCy ExzCy EyzCx EyzCx − �1 + �� Cz

ExzCy ExzCy EyzCx EyzCx Cz − �1 + ��

� �9�
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where, for example, Cx=cos�aQx /2� and Exȳ

= �� /4�exp�ia�Qx−Qy� /4�. Since Exȳ
* =Ex̄y, this matrix is

Hermitian. Following the standard procedures described in
Ref. 23, we obtain the incoherent structure factor as a super-
position of six Lorentzian lines,

Sinc�Q,�� =
1

	
�
l=1

6

wl
− 
l


l
2 + �2 , �10�

where 
l is an eigenvalue of the jump matrix, and

wl =
1

6
��

n=1

6

vl
n�2

, �11�

vl
n being the nth component of the eigenvector related to the

eigenvalue 
l.
The jump matrix can be diagonalized numerically for a

given scattering vector Q and a given value of �. As an
example of the results, Figs. 2 and 3 show the widths and

relative intensities �weights� of six Lorentzian lines as func-
tions of Qa for �=0.1 and Q 
 �100�. For this direction of Q,
only two components �denoted as 1 and 2� have nonzero
weights. At Q→ 0, there is only one diffusive mode with
nonvanishing weight and the width proportional to Q2; this is
true for all directions of Q. The weight of the broader com-
ponent increases with increasing Q.

III. EXPERIMENTAL DETAILS

The measurements were made on powdered samples of
Nb3AlH0.13 and Nb3AlH1.77. The preparation of these
samples has been described in Ref. 14. According to x-ray
diffraction analysis, both Nb3AlH0.13 and Nb3AlH1.77 are
single-phase compounds having the A15-type host-metal
structure with the lattice parameters a=5.190 and 5.353 Å,
respectively.

QENS spectra were measured on the high-resolution
backscattering spectrometer IN16 at the Institute Laue-
Langevin �ILL� in Grenoble. This spectrometer uses a
Si�111� monochromator and analyzers selecting the neutron
wavelength 
=6.27 Å. The range of energy transfer �� in
our experiments was ±14.3 �eV, the energy resolution being
about 1.0 �eV �full width at half maximum�. The range of
momentum transfer �Q corresponded to a Q range of
0.43–1.93 Å−1. The scattered neutrons were registered by
two 3He counters and the multidetector array �20 counters�.
The samples were placed into flat Al containers, the sample
thickness being 1 mm for Nb3AlH0.13 and 0.3 mm for
Nb3AlH1.77. The sample thickness was chosen to minimize
the multiple-scattering effects; the neutron transmission co-
efficients calculated for 
=6.27 Å are 0.94 for Nb3AlH0.13
and 0.93 for Nb3AlH1.77. The planes of the containers were
oriented in the direction of the only Bragg reflection
�2
�108�� in the Q range studied. For each of the samples
QENS spectra were recorded at seven temperatures in the
ranges 10–407 K �Nb3AlH0.13� and 10–394 K �Nb3AlH1.77�.
In order to improve the statistics, some of the detectors were
grouped in pairs. The raw experimental data were corrected
for absorption and self-shielding using the standard ILL pro-
grams. The instrumental resolution functions were deter-
mined from the measured QENS spectra of Nb3AlHx at
10 K. The background spectra were measured for the empty
sample containers in the same experimental geometry as for
Nb3AlHx.

IV. RESULTS AND DISCUSSION

For both samples a quasielastic broadening of the neutron
spectra has been observed at temperatures above 290 K. The
experimental QENS spectra at T�290 K can be satisfacto-
rily described by a sum of two components: the elastic line
represented by the instrumental resolution function R�Q ,��
and the resolution-broadened Lorentzian quasielastic line. As
an example of the data, Fig. 4 shows the QENS spectrum of
Nb3AlH1.77 recorded at 360 K for Q=1.53 Å−1. We have fit-
ted the experimental scattering function Sexpt�Q ,�� with the
model incoherent scattering function

FIG. 2. The half-widths of six Lorentzian components resulting
from the jump model with � � 0.1 and Q 
 �100� as functions of Qa.

FIG. 3. The weights of six Lorentzian components resulting
from the jump model with � � 0.1 and Q 
 �100� as functions of Qa.
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Sinc�Q,�� = A0�Q����� + �1 − A0�Q��L��,�� �12�

convoluted with R�Q ,��. Here ���� is the elastic delta func-
tion, L�� ,�� is the quasielastic Lorentzian with the half-
width �, and A0�Q� is the elastic incoherent structure factor
�EISF�. The width of the quasielastic component is found to
increase with increasing temperature. Figure 5 shows the be-
havior of � as a function of the inverse temperature. It can be
seen that for both samples the temperature dependence of �
is well described by the Arrhenius relation; the correspond-
ing activation energies are 194±17 meV for Nb3AlH0.13 and
163±16 meV for Nb3AlH1.77.

Figure 6 shows the Q dependence of the half-width of the
quasielastic component for Nb3AlH0.13 �T=374 K� and
Nb3AlH1.77 �T=360 K�. As can be seen from this figure,

there is a strong difference between the Q dependences of �
for the samples with high �x=1.77� and low �x=0.13� hydro-
gen concentrations. It should be noted that for each of the
samples the Q dependence of � remains qualitatively un-
changed in the temperature range 290–407 K. For
Nb3AlH1.77 the half-width of the quasielastic line appears to
be nearly Q independent. Such a behavior is typical of the
case of spatially confined �localized� motion.15,16 It is natural
to assume that for Nb3AlH1.77 the faster jump process
�which, in the temperature range studied, is probed by the
backscattering spectrometer� is associated with back-and-
forth jumps of H atoms within pairs of the nearest-neighbor
d sites along the chains. In fact, since the complete filling of
d sites corresponds to x=3, for x=1.77 the chains of d sites
are more than half filled. Therefore, the fast long-range dif-
fusion along the chains should be suppressed, so that the
dominant type of fast H motion is likely to be represented by
localized jumps of hydrogen atoms between the nearest-
neighbor sites. In order to verify this, we have to consider the
Q dependence of the EISF shown in Fig. 7. In the case of
local jumps within pairs of sites separated by a distance l, the
orientationally averaged expression for the EISF can be writ-
ten in the form15,16

A0�Q� = 1 − p +
p

2
�1 + j0�Ql�� , �13�

where j0�x� is the sperical Bessel function of zeroth order
and p is the fraction of H atoms participating in the localized
motion. The values of p may be less than 1, since for con-
centrated hydrides some H atoms at d sites may be blocked
due to occupation of both nearest-neighbor sites on the chain
by other H atoms. The existence of a temperature-dependent
fraction of H atoms not participating in the fast localized
motion has been observed in a number of metal-hydrogen
systems;25–29 it has been attributed to the effects of H-H
interactions.25,26 As noted in Ref. 30, Eq. �13� with
4� / �1+��2 substituted for p also describes the Q dependence
of the EISF for the model of local jumps in an asymmetric

FIG. 4. The QENS spectrum for Nb3AlH1.77 measured on IN16
at T=360 K and Q=1.53 Å−1. The solid curve shows the fit of the
two-component model �Eq. �12�� to the data. The dotted curve rep-
resents the spectrometer resolution function �the elastic compo-
nent�, and the dashed curve shows the Lorentzian quasielastic
component.

FIG. 5. The half-widths of the quasielastic lines for Nb3AlH0.13

and Nb3AlH1.77 at Q=1.53 Å−1 as functions of the inverse tempera-
ture. The solid lines show the Arrhenius fits to the data.

FIG. 6. The half-widths of the quasielastic lines for Nb3AlH0.13

�T=374 K� and Nb3AlH1.77 �T=360 K� as functions of Q.
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double-well potential, where � is the ratio of back-and-forth
jump rates. Therefore, on the basis of experimental A0�Q�
data it is impossible to distinguish between the model of
two-site motion in a symmetric double-well potential with a
fraction of “static” atoms �p�1� and the model of two-site
motion in an asymmetric potential ���1�. The period of the
oscillating Q dependence described by Eq. �13� is deter-
mined by the jump length l. In order to compare the Q de-
pendence of the EISF predicted by this equation with our
experimental data for Nb3AlH1.77, we can fix l to the value of
the actual distance between the nearest-neighbor d sites on
the chains, r1=a /2=2.68 Å, so that p is the only fit param-
eter. The solid line in Fig. 7 shows the fit of Eq. �13� with the
fixed l=2.68 Å to the data for Nb3AlH1.77; the corresponding
value of p is 0.39±0.02. It can be seen that the experimental
A0�Q� dependence for Nb3AlH1.77 is consistent with the
model of localized H motion within pairs of the nearest-
neighbor d sites on the chains. Similar results are obtained at
other temperatures in the range 298–394 K, the value of p
showing a certain increase with increasing T.

For Nb3AlH0.13 the half-width of the quasielastic line in-
creases with increasing Q �see Fig. 6�. It is evident that the
model implying a dominant role of localized H motion is not
applicable for the sample with low hydrogen concentration.
We can assume that H jumps in Nb3AlH0.13 are not corre-
lated; therefore, the modified Chudley-Elliott model dis-
cussed in Sec. II may be applicable. In order to compare the
results of the model calculations with the experimental data
for the powdered sample, it is necessary to average the nu-
merical results over all directions of the Q vector. The ratio
of the jump rates �=�1 /�2 has been fixed to 0.02. Taking into
account the ratios of H jump rates in other intermetallics,22

this value seems to be reasonable for r2 /r1=1.22. The orien-
tational averaging of the model has been made in the follow-
ing way. For a certain length of the Q vector, Q � �Q�, and
for all possible pairs of angles �
 ,�� defining the direction of
Q, the jump matrix �9� is diagonalized numerically, and the
derived QENS spectra �10� are summed with the weight fac-

tor of sin 
. This procedure yields the orientationally aver-
aged model spectrum Sinc�Q ,��. As examples of the results,
Figs. 8 and 9 show the shapes of the model spectra for
Qa=3 and 10, respectively. Note that these two spectra have
different scales of the energy transfer. All the orientationally
averaged model spectra look like a superposition of two lines
with different widths. This feature could be expected, since
our jump model implies two frequency scales of H motion. It
should be noted that the shape of the narrow component may
also be affected by the divergency of the powder averaged
Sinc�Q ,�� at �=0 for the case of one-dimensional
diffusion.31

The experimental QENS spectra have been described in
terms of Eq. �12�; therefore, for parametrization of the model
spectra it would be natural to use a sum of two Lorentzian
lines. The fits of the model spectra with a sum of two Lorent-
zian lines appear to be reasonable for all values of Q; the fits
for Qa=3 and 10 are shown by dashed curves in Figs. 8 and
9. We may assume that the narrow component of the model

FIG. 7. The elastic incoherent structure factors for Nb3AlH0.13

�T=374 K� and Nb3AlH1.77 �T=360 K� as functions of Q. The solid
line shows the fit of the two-site model �Eq. �13�� with the fixed
l=2.68 Å to the data for Nb3AlH1.77.

FIG. 8. The orientationally averaged model QENS spectrum for
�=0.02 and Qa=3. The dashed curve shows the fit of this model
spectrum with a sum of two Lorentzians.

FIG. 9. The orientationally averaged model QENS spectrum for
�=0.02 and Qa=10. The dashed curve shows the fit of this model
spectrum with a sum of two Lorentzians.
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spectra corresponds to the “elastic” line of the experimental
spectra for Nb3AlH0.13. This means that the width of the
narrow component is too small to be resolved in the studied
temperature range. Therefore, we have to consider the Q de-
pendences of the width of the broad component and the rela-
tive intensity of the narrow component of the model spectra.
These Q dependences resulting from the two-component fits
of the model spectra are shown in Figs. 10 and 11. It should
be noted that these Q dependences remain practically the
same over a wide range of the jump rate ratio �. In fact, our
model calculations using �=0.002 and 0.01 result in Q de-
pendences of the width of the broad component �in units of
�1

−1� and a relative intensity of the narrow component which
nearly coincide with those shown in Figs. 10 and 11. For the
case of �=0 corresponding to strictly one-dimensional diffu-
sion, the narrow component is determined by the divergency
of Sinc�Q ,�� mentioned above. In this case the description of
the model spectra by a sum of two Lorentzians is worse than
for �=0.02; however, the resulting Q dependences of the
width of the broad component �in units of �1

−1� and the rela-
tive intensity of the narrow component are still close to those
shown in Figs. 10 and 11.

In order to compare these Q dependences with the experi-
mental data for Nb3AlH0.13 �Figs. 6 and 7�, we have to take
into account that the lowest experimental value of Q
�0.43 Å−1� corresponds to Qa�2.2, and the highest experi-
mental value of Q �1.93 Å−1� corresponds to Qa�10. It can
be seen that the model qualitatively describes the behavior of
the QENS data for Nb3AlH0.13: the increase in the quasielas-
tic linewidth as a function of Q with the signs of saturation at
the high-Q end, and the decrease in the elastic line intensity
with the signs of saturation at the high-Q end. However, the
drop in the relative intensity of the elastic line resulting from
the model calculations �Fig. 11� is considerably stronger than
the experimental one for Nb3AlH0.13 �Fig. 7�. A similar fea-
ture has been found32,33 for cubic Laves phases, where H
jump motion shows two frequency scales: the relative inten-
sity of the elastic line resulting from the Monte Carlo simu-
lation of the QENS spectra falls down to considerably lower

values than the experimental EISF. Such a discrepancy pre-
sumably originates from the fact that the interaction between
H atoms is not taken into account in the model calculations.

Using the results of the model calculations, we can esti-
mate the hydrogen jump rates �1

−1. For example, it follows
from Fig. 10 that at Q=1.53 Å−1 �corresponding to Qa�8
for Nb3AlH0.13� the half-width of the broad component is
approximately 0.9��1

−1. Thus, it is possible to transform the
temperature dependence of � shown in Fig. 5 into the tem-
perature dependence of �1

−1. For Nb3AlH0.13 this approach
leads to Arrhenius-type behavior of �1

−1�T� with the activa-
tion energy Ea=194±17 meV and the preexponential factor
�10

−1= �1.1±0.6��1012 s−1. For the localized two-site motion,
the relation between the jump rate and the half-width of the
quasielastic line is given by �=2��1

−1.15,16 Hence, for
Nb3AlH1.77 the behavior of �1

−1�T� can be described by an
Arrhenius-type dependence with the activation energy
Ea=163±16 meV and the preexponential factor �10

−1

= �2.7±1.4��1011 s−1. The resulting Arrhenius plots of
�1

−1�T� for Nb3AlH0.13 and Nb3AlH1.77 are shown in Fig. 12
by the solid and dashed lines, respectively. Note that while
the measured values of � for Nb3AlH0.13 are lower than for
Nb3AlH1.77 �Fig. 5�, the hydrogen jump rates �1

−1 for
Nb3AlH0.13 appear to be higher than those for Nb3AlH1.77 in
the range 290–400 K.

The present QENS measurements do not give any direct
information on the slower hydrogen jump process, since the
corresponding jump rates in the studied T range are too low
to be resolved by the backscattering neutron spectrometer.
Because of a possible hydrogen desorption, measurements at
T�420 K have not been performed. However, it is interest-
ing to compare the present QENS results with the NMR
measurements of the proton spin-lattice relaxation rate R1 for
the same Nb3AlHx samples,14 since the NMR measurements
are usually sensitive to lower jump rates than the back-
scattering QENS measurements. The characteristic feature of
the proton spin-lattice relaxation data in metal-hydrogen sys-
tems is the R1�T� maximum observed at the temperature at

FIG. 10. The half-width of the broader Lorentzian component
�resulting from the two-component fits of the model QENS spectra
for �=0.02� as a function of Qa.

FIG. 11. The relative intensity of the narrow Lorentzian compo-
nent �resulting from the two-component fits of the model QENS
spectra for �=0.02� as a function of Qa.
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which �0�d�1, where �0 /2	 is the NMR frequency and �d
is the correlation time for the dipole-dipole interaction be-
tween nuclear spins.34 For Nb3AlHx the proton spin-lattice
relaxation rate is dominated by 1H-93Nb dipole-dipole
interactions,14 and �d

−1 can be identified as an appropriate H
jump rate. The values of �d

−1 at the R1 maxima have been
estimated from the condition �0�d=0.92 corresponding to
the Bloembergen-Purcell-Pound �BPP� model.35 For
Nb3AlH1.77 the R1 maximum is observed at 370 K for
�0 /2	=13 MHz and at 384 K for �0 /2	=23.8 MHz;14 the
corresponding values of �d

−1 are shown by stars in Fig. 12. It
can be seen that for Nb3AlH1.77 the H jump rates �d

−1 evalu-
ated from the NMR data are considerably lower than the
jump rates �1

−1 in the same temperature range. Thus, it is
natural to assume that the R1 maximum for Nb3AlH1.77 is
determined by the slower H jump process leading to long-
range diffusion. Such a situation is typical for those metal-
hydrogen systems where a long-range H diffusion coexists
with the faster localized H motion:22,36 the main R1 peak is
determined by the long-range diffusion, while the localized
motion either contributes to the low-temperature slope of this
peak or gives rise to a secondary R1 peak at low T. Identify-
ing �d

−1 with �2
−1, we obtain the H jump ratio �=0.05 for

Nb3AlH1.77 at 370 K. Because of the difference between the
activation energies of the two hydrogen jump processes,22,36

this ratio usually decreases with decreasing temperature.
For Nb3AlH0.13 the R1 maximum is observed at 285 K for

�0 /2	=40 MHz and at 325 K for �0 /2	=90 MHz;14 the
corresponding values of �d

−1 are shown by circles in Fig. 12.
In contrast to the case of Nb3AlH1.77, these values of �d

−1

appear to be close to the �1
−1�T� line for Nb3AlH0.13. More-

over, the analysis of the R1�T� data for Nb3AlH0.13 in terms
of the BPP model with a Gaussian distribution of activation
energies gives the preexponential factor �d0

−1=1.25�1012 s−1

and the average activation energy Ea
d=210 meV.14 The val-

ues of these parameters are close to the corresponding values
for �1

−1�T� in Nb3AlH0.13 �see above�. Therefore, we can con-
clude that the observed R1 peak in Nb3AlH0.13 is determined

by the same fast H jump process which is responsible for the
broad component in the QENS spectra. The effects of the
slower H jump process are presumably hidden on the high-
temperature slope of the R1�T� peak. The difference between
the nature of the R1�T� data in the dilute and concentrated
hydrides may be ascribed to the fact that, in contrast to the
case of Nb3AlH1.77, the faster jump process in Nb3AlH0.13
corresponds to long-range motion.

V. CONCLUSIONS

The analysis of our QENS data for A15-type Nb3AlHx
�x=0.13 and 1.77� suggests that in both samples there are at
least two H jump processes with different characteristic fre-
quencies. Although in both samples H atoms randomly oc-
cupy sites of the same type �d sites forming three sets of
chains�, the microscopic picture of H motion in the sample
with high hydrogen concentration differs from that in the
sample with low hydrogen concentration.

For Nb3AlH1.77 the faster jump process is well described
in terms of the model of local H jumps within pairs of the
nearest-neighbor d sites on the chains. In the temperature
range 298–394 K the H jump rate �1

−1 of the faster process
shows Arrhenius-type behavior with the activation
energy Ea=163±16 meV and the preexponential factor
�10

−1= �2.7±1.4��1011 s−1. While the present QENS experi-
ments cannot give any direct information on the slower jump
process �corresponding to H jumps from one chain to an-
other�, this process has been probed by the NMR
measurements.14 The ratio of the jump rates for the two pro-
cesses estimated from the comparison of the NMR and
QENS results for Nb3AlH1.77 is 0.05 at T=370 K.

For the case of low H concentrations in A15-type com-
pounds we have found the solutions of the modified
Chudley-Elliott model corresponding to the fast motion of H
atoms along the d-site chains and the slower jumps from one
chain to another. These solutions qualitatively describe the
main features of our QENS data for Nb3AlH0.13. The com-
parison of the model calculations with the experimental
QENS results for Nb3AlH0.13 shows that in the temperature
range 329–407 K the hydrogen jump rate �1

−1 of the faster
process can be described by an Arrhenius law with the acti-
vation energy Ea=194±17 meV and the preexponential
factor �10

−1= �1.1±0.6��1012 s−1. Since in the case of
Nb3AlH0.13 the faster jump process corresponds to long-
range H diffusion along the chains, this process also gives
the dominant contribution to the proton spin-lattice relax-
ation rate measured by NMR.
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FIG. 12. The temperature dependences of the hydrogen jump
rates for the faster jump process, as derived from the QENS data for
Nb3AlH0.13 �solid line� and Nb3AlH1.77 �dashed line�. The circles
and stars represent the H jump rates estimated from the maxima of
the proton spin-lattice relaxation rates for the same samples.
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