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Abstract
In order to study the mobility of hydrogen in nanostructured Laves-phase hydrides, we have
measured the proton nuclear magnetic resonance (NMR) spectra and the proton spin–lattice and
spin–spin relaxation rates in two nanostructured systems prepared by ball milling: ZrCr2H3 and
TaV2H1+δ . The proton NMR measurements have been performed at the resonance frequencies
of 14, 23.8 and 90 MHz over the temperature ranges 11–424 K (for coarse-grained samples)
and 11–384 K (for nanostructured samples). Hydrogen mobility in the ball-milled ZrCr2H3 is
found to decrease strongly with increasing milling time. The experimental data suggest that this
effect is related to the growth of the fraction of highly distorted intergrain regions where H
mobility is much lower than in the crystalline grains. For the nanostructured TaV2H1+δ system,
the ball milling is found to lead to a slight decrease in the long-range H mobility and to a
suppression of the fast localized H motion in the crystalline grains.

1. Introduction

Nanostructured metal–hydrogen systems have become increas-
ingly important both for applications and basic research. Be-
cause of a considerable volume fraction of grain bound-
ary regions in nanostructured materials, their properties may
strongly differ from those of the coarse-grained counterparts.
One of the simplest methods of preparation of nanostructured
hydrides is mechanical milling [1–3]. For a number of mate-
rials the milling leads to a significant acceleration of hydro-
gen absorption/desorption [4–6], which is of great importance
for hydrogen-storage technologies. However, little is known
about the mechanisms responsible for the changes in hydro-
gen reaction kinetics resulting from the milling. It is of spe-
cial interest to elucidate the mechanism and the parameters of
hydrogen diffusion in nanostructured hydrides. Nuclear mag-
netic resonance (NMR) measurements in metal–hydrogen sys-
tems can give microscopic information on the hydrogen mo-
bility and hydrogen-induced changes in the electronic struc-
ture [7]. Previous applications of NMR to investigation of

nanostructured hydrides include the studies of H motion in
ball-milled vanadium–hydrogen [8] and graphite–hydrogen [9]
systems, and the effects of paramagnetic centres resulting from
the ball milling in magnesium–hydrogen systems with addi-
tives [10, 11].

In the present work, the proton NMR is applied to study
the mobility of hydrogen in two nanostructured Laves-phase
hydrides prepared by ball milling: ZrCr2Hx and TaV2Hx .
Hydrides of Laves-phase intermetallics are characterized by a
rather high volumetric density of hydrogen and high hydrogen
mobility [12]. The cubic (C15-type) Laves-phase system
ZrCr2Hx shows (in the coarse-grained form) the highest H
diffusivity [13] at T < 200 K among all the studied
intermetallic hydrides. The coarse-grained C15-type system
TaV2Hx represents an example of a hydride with two well-
separated scales of H jump motion [14, 15]. The faster
jump process corresponds to localized H motion within the
hexagons formed by tetrahedral interstitial g sites with Ta2V2

coordination, and the slower process is associated with H
jumps from one g-site hexagon to another [15]. Because of
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Figure 1. X-ray diffraction patterns (Cr Kα radiation) for the starting
material ZrCr2H0.5 and nanostructured ZrCr2H3 systems prepared by
ball milling for 1, 3 and 10 h.

the high ratio of the hydrogen jump rates for the two processes
(in the coarse-grained TaV2H1.1 this ratio at room temperature
exceeds 103), it should be possible to study the effects of ball
milling on each of the processes selectively. The aim of the
present work is to investigate the changes in the parameters
of H motion resulting from the milling of cubic Laves-phase
hydrides. We have measured the proton NMR spectra and
spin relaxation rates in ball-milled ZrCr2Hx and TaV2Hx with
different milling times over wide ranges of temperature and
resonance frequency. Some preliminary results for ZrCr2Hx

have been published in [11].

2. Experimental details

The starting materials for preparation of the nanostructured
hydrides were powdered ZrCr2H0.5 and TaV2H1.0 with cubic
C15-type structure and the lattice parameters a = 7.278 Å and
7.255 Å, respectively. These materials were placed together
with brass balls (powder to ball mass ratio 1:140) into a brass
vial. The vial was evacuated and subsequently filled with H2

gas at a pressure of 110 kPa. The mechanical milling was
performed at room temperature using a vibrating ball mill for
periods tm of 1, 3 and 10 h for ZrCr2Hx , and 0.5, 1, 3 and 6 h
for TaV2Hx .

All the ZrCr2-based samples rapidly absorbed hydrogen
in the process of milling. For all the milling times studied, the
hydrogen content estimated from the H2 pressure change in
the vial was approximately three H atoms per formula unit of
ZrCr2. The results of x-ray diffraction analysis for the ZrCr2-
based samples are shown in figure 1. The main crystalline
phase of the ball-milled samples retains the C15-type structure
with the lattice parameters a = 7.608 Å (tm = 1 h), 7.645 Å

Figure 2. X-ray diffraction patterns (Cr Kα radiation) for the
coarse-grained TaV2H1.0 and the nanostructured TaV2H1+δ systems
prepared by ball milling for 0.5, 1, 3 and 6 h.

(3 h) and 7.644 Å (10 h). These lattice parameters are close to
those found for the coarse-grained ZrCr2Hx with x ≈ 3 [16].
However, the diffraction peaks corresponding to the C15-type
phase in the ball-milled samples are considerably broader than
in the starting material. The average grain size estimated from
the peak broadening in the sample with tm = 1 h is 20 nm. The
diffraction patterns for the ball-milled samples also contain
traces of a C15-type phase with a ≈ 7.09 Å and a very
broad amorphous-like feature centred in the angle range of
the most intense peaks of the C15-type phase. The intensity
of this amorphous-like feature increases with increasing tm;
it becomes the dominant one in the diffraction pattern of the
sample with tm = 10 h. This feature can be attributed to highly
distorted intergrain regions. In addition to the ball-milled
ZrCr2H3 samples, we have prepared coarse-grained ZrCr2H3

by removing hydrogen from ZrCr2H0.5 at high-temperature
(750 ◦C) and charging it again to the desired H content. The
lattice parameter of the coarse-grained C15-type ZrCr2H3 is
7.599 Å.

The x-ray diffraction patterns of the TaV2-based samples
are shown in figure 2. In contrast to the ZrCr2-based samples,
the milling of TaV2H1.0 in a hydrogen atmosphere does not
lead to an increase in the lattice parameter of the C15-type
phase; the values of a for the ball-milled samples are nearly
the same as in the coarse-grained TaV2H1.0. The average grain
size estimated from the broadening of the peaks for the C15-
type phase is 22 nm for tm = 0.5 h, 15 nm for tm = 1 h and 10–
15 nm for tm = 3 and 6 h. In addition to the C15-type phase,
the ball-milled samples contain an unidentified phase giving
the considerable contribution to the diffraction pattern between
the most intense peaks of the C15-type phase (figure 2). This
additional phase may contain hydrogen. In the following, the
composition of the ball-milled TaV2-based samples will be
denoted as TaV2H1+δ .
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Figure 3. The temperature dependences of the proton spin–lattice
relaxation rates measured at 14, 23.8 and 90 MHz for the
coarse-grained ZrCr2H3 and for the nanostructured ZrCr2H3 systems
prepared by ball milling for 1 and 10 h.

NMR measurements were performed on a modernized
Bruker SXP pulse spectrometer at the frequencies ω/2π = 14,
23.8 and 90 MHz. The proton NMR spectra were recorded by
Fourier transforming the spin echo signals. The proton spin–
lattice relaxation rates R1 were measured using the saturation–
recovery method. In all cases the recovery of the nuclear
magnetization could be reasonably described by a single-
exponential function. The proton spin–spin relaxation rates R2

were measured using the two-pulse (π/2–τ–π ) technique.

3. Results and discussion

3.1. Ball-milled ZrCr2H3

The temperature dependences of the proton spin–lattice
relaxation rates measured at three resonance frequencies in
the coarse-grained and two ball-milled (tm = 1 and 10 h)
samples of ZrCr2H3 are shown in figure 3. The R1 results at
ω/2π = 14 MHz for all the samples studied are compared in
figure 4. As can be seen from figures 3 and 4, the ball milling
leads to dramatic changes in the behaviour of the spin–lattice
relaxation rate. For the coarse-grained sample, the measured
spin–lattice relaxation rate shows a frequency-dependent peak
near 200 K. The position of this peak is consistent with the
earlier results for polycrystalline ZrCr2Hx [17]. As the milling
time increases, the amplitude of this peak rapidly decreases,
and a new frequency-dependent peak starts to grow near 370 K.
In order to avoid structural relaxation and recrystallization
of the nanostructured samples, we have not performed any
measurements for them above 384 K; therefore, only the low-
temperature slope of the new peak is observed.

Figure 4. The temperature dependences of the proton spin–lattice
relaxation rates measured at 14 MHz for the coarse-grained ZrCr2H3

and for the nanostructured ZrCr2H3 systems prepared by ball milling
for 1, 3 and 10 h.

The measured proton spin–lattice relaxation rate R1 in
metal–hydrogen systems is usually determined by the sum of
contributions resulting from the interactions of proton spins
with conduction electrons (R1e) and paramagnetic impurity
ions (R1p) and from the internuclear dipole–dipole interactions
modulated by H motion (R1d) [7],

R1 = R1e + R1p + R1d. (1)

The frequency-independent electronic (Korringa) contribution
is typically proportional to the temperature, R1e = CeT . For
most metallic systems, the electronic contribution dominates
at low temperatures, while the motional contribution becomes
more important in the temperature range where the H jump rate
τ−1

d is between 107 and 1011 s−1. The temperature dependence
of R1d shows a characteristic peak at the temperature at which
ωτd ≈ 1. In the limit of slow H diffusion (ωτd � 1),
R1d is proportional to ω−2τ−1

d , and in the limit of fast H
diffusion (ωτd � 1), R1d is proportional to τd being frequency-
independent. The behaviour of the paramagnetic contribution
R1p is generally more complex; it depends on a number of
parameters [18] including the spin–lattice relaxation time τi of
paramagnetic ions.

The observed shift of the R1 peak position from ∼200
to 370 K as a result of ball milling indicates a strong
decrease in the H jump rate. For the samples with
intermediate milling times (1 and 3 h), both the low-
temperature and high-temperature R1 peaks appear to coexist.
This suggests a coexistence of two H jump processes with
different characteristic jump rates. It is natural to assume
that the low-temperature R1 peak originates from H motion
in nearly undistorted crystalline grains of ZrCr2H3. The
volume fraction of these grains is expected to decrease with
increasing milling time. The high-temperature R1 peak can be
attributed to H motion in strongly distorted intergrain regions;
the corresponding H jump rate at a given temperature is
considerably lower than that in undistorted grains. For the
sample milled for 10 h, no signs of the R1 peak due to H motion
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Figure 5. The low-temperature behaviour of the proton spin–lattice
relaxation rates measured at 90 MHz. The solid and dashed lines
show, respectively, the linear fits to the data for the coarse-grained
ZrCr2H3 and for the nanostructured ZrCr2H3 system prepared by ball
milling for 10 h.

in undistorted grains can be found. It should be noted that in
the entire temperature range studied the spin–lattice relaxation
is well described by a single-exponential function. The single-
exponential behaviour of the spin–lattice relaxation in a system
containing H atoms with different jump rates is expected to
result from two mechanisms: the rapid exchange of H atoms
between the grains and intergrain regions (above 200 K the
corresponding exchange rate should be much higher than R1)
and the rapid equalization of spin polarization (spin diffusion)
due to H–H dipole–dipole interaction.

In order to estimate the parameters of H jump motion,
we have to determine the temperature dependence of the
motional contribution R1d, i.e., to subtract other contributions
in equation (1) from the experimental results. Usually such
a procedure is based on extrapolation of the low-temperature
data. Figure 5 shows the temperature dependences of the
proton spin–lattice relaxation rates measured at ω/2π =
90 MHz in the low-temperature region (T � 82 K) where
the hydrogen diffusion should be ‘frozen out’. In this region,
the temperature dependences of R1 are well described by the
expression R1 = CeT + B for all the samples studied. The
Korringa coefficient Ce is found to decrease with the milling
time, from 0.102 s−1 K−1 for the coarse-grained sample to
0.066 s−1 K−1 for the sample milled for 10 h. Since Ce is
proportional to the square of the density of electron states at the
Fermi level, N2(EF) [7], the observed changes in Ce suggest
that the milling leads to the decrease in N(EF). The term B can
be identified as the low-temperature limit of the paramagnetic
contribution R1p [7]. This term is found to increase with the
milling time, from nearly zero for the coarse-grained sample
to 1.6 s−1 for the sample milled for 10 h. For the coarse-
grained ZrCr2H3, the proton spin–lattice relaxation rate at T >

350 K should also be dominated by the electronic contribution.
In fact, at T > 350 K the measured R1 for this sample
increases with increasing temperature (see figure 3), whereas
the motional contribution R1d is expected to decrease in this
range. However, the values of R1 at T > 350 K are somewhat

Figure 6. The dipolar contributions to the proton spin–lattice
relaxation rate at 14 and 23.8 MHz as functions of the inverse
temperature for the coarse-grained ZrCr2H3 and for the
nanostructured ZrCr2H3 system prepared by ball milling for 10 h.
The solid lines show the simultaneous fits of the BPP model with a
Gaussian distribution of activation energies to the data.

higher than those obtained from the linear extrapolation of
the low-temperature R1e(T ) results. A similar feature has
been reported for the coarse-grained ZrCr2Hx with low x [19]
and for the isoelectronic system HfCr2Hx [20]. This feature
may originate from nonlinear contributions to R1e(T ) at high
temperatures [21] or from a phase transition accompanied by
a change in N(EF) at intermediate temperatures. In order
to evaluate R1d(T ) for the coarse-grained ZrCr2H3, we have
approximated the behaviour of R1e(T ) by two linear pieces: at
T < 200 K, the linear extrapolation of the low-temperature
CeT term and at T > 200 K, the linear piece with a slightly
higher slope ensuring that the values of R1e above 350 K are
nearly equal to the measured R1.

Figure 6 shows the temperature dependences of the
motional contribution R1d = R1 − R1e for the coarse-grained
ZrCr2H3 at two resonance frequencies. In order to evaluate the
parameters of H jump motion in the intergrain regions, we may
use the R1 data for the ball-milled sample with tm = 10 h. The
values of R1d for this sample have been obtained by subtracting
the linear extrapolation of the low-temperature CeT + B
terms from the measured R1(T ); the results at two resonance
frequencies are included in figure 6. For both the coarse-
grained ZrCr2H3 and the sample with tm = 10 h, the observed
frequency dependence of R1d at the low-temperature slope of
the R1d(T ) peak is considerably weaker than the expected ω−2.
This feature, as well as the asymmetry of the lg R1d versus
T −1 plot can be accounted for in terms of the Bloembergen–
Purcell–Pound (BPP) model with a Gaussian distribution of
the activation energies Ea [22, 23]. In the framework of this
model, the temperature dependence of R1d is determined by
the pre-exponential factor τ−1

d0 of the Arrhenius law for the H
jump rate, the average activation energy Ea and the distribution
width (dispersion) �Ea. We look for a set of parameters
giving the best fit to the R1d at two resonance frequencies
simultaneously. The results of such simultaneous fits to the
data are shown by full curves in figure 6. The parameters
resulting from the fit for the coarse-grained ZrCr2H3 are
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Figure 7. The temperature dependences of the width (full width at
half-maximum) of the proton NMR spectra measured at 23.8 MHz
for the coarse-grained ZrCr2H3 and for the nanostructured ZrCr2H3

systems prepared by ball milling for 1, 3 and 10 h.

τ−1
d0 = 1.9 × 1014 s−1, Ea = 246 meV and �Ea = 34 meV.

For the ball-milled sample with tm = 10 h, we assume that
the value of τ−1

d0 is the same as for the coarse-grained sample
and obtain Ea = 450 meV and �Ea = 100 meV. The
quality of the fit for the ball-milled sample is poorer than for
the coarse-grained one; this may be partially due to the fact
that for the ball-milled sample we cannot observe the high-
temperature slope of the R1 peak and have a larger uncertainty
in subtracting non-motional contributions to R1.

Since we assume that the behaviour of R1 in the ball-
milled sample with tm = 10 h is dominated by hydrogen in the
highly distorted intergrain regions, our general conclusion is
that the hydrogen mobility in intergrain regions is considerably
lower than in the crystalline grains of ZrCr2H3. It is interesting
to note that comparison of the NMR data in the crystalline C15-
type hydrides ZrV2Hx(Dx) and in the amorphous hydrides
of identical compositions [24] has also revealed a significant
reduction of the hydrogen mobility in the amorphous samples.
The opposite trend in the H mobility for most of the studied
amorphous hydrides and their crystalline counterparts [25] is
usually attributed to the fact that a structural disorder may give
rise to the opening of new ‘easy paths’ for H diffusion. On the
other hand, for Laves-phase hydrides the diffusion barriers are
originally quite low, so that a structural disorder can only make
the H diffusion more difficult. Similar arguments may be used
for a qualitative interpretation of the decrease in H mobility
resulting from ball milling of ZrCr2Hx .

Figure 7 shows the temperature dependences of the 1H
NMR linewidth (full width at half-maximum) for the coarse-
grained and ball-milled ZrCr2H3 samples. For all the samples
studied, there is a range of sharp line narrowing. The narrowing
becomes pronounced above the temperature at which the
H jump rate exceeds the ‘rigid-lattice’ (low-temperature)
linewidth [26]. Therefore, the observed shift of the T range of
sharp line narrowing (figure 7) is consistent with the decrease
in H mobility at long milling times. The value of the 1H
NMR linewidth at the high-temperature plateau is determined
by a distribution of demagnetizing fields over the sample

Figure 8. The temperature dependences of the proton spin–spin
relaxation rates measured at 90 MHz for the coarse-grained ZrCr2H3

and for the nanostructured ZrCr2H3 systems prepared by ball milling
for 1, 3 and 10 h.

volume [26, 27]. As can be seen from figure 7, the width of
such a distribution for the sample milled for 10 h is larger than
for the other samples studied. This broadening may result from
an increase in the number of paramagnetic centres appearing
in the process of milling. Such a behaviour is consistent with
the increase in the term B of the low-temperature spin–lattice
relaxation rate at long milling times.

Figure 8 shows the temperature dependences of the proton
spin–spin relaxation rates R2 measured at 90 MHz. For all
the samples studied, there is a range of sharp drop in R2 with
increasing temperature. This is the usual effect of motional
averaging of the dipolar fields. The data shown in figure 8
suggest that the observed behaviour of R2 is dominated by
the contribution from protons in nearly undistorted grains. At
higher temperatures, R2 usually stops decreasing and becomes
nearly constant. This change in behaviour is due to H diffusion
through the magnetic field gradients inside each metallic
particle [26]. As can be seen from figure 8, the behaviour
of R2 for the coarse-grained ZrCr2H3 is close to the expected
one. However, for the ball-milled samples, an additional R2

peak appears near 250 K, and its amplitude increases with
increasing tm. This feature cannot be explained in terms
of internuclear dipole–dipole interactions modulated by H
motion. The additional rate of dephasing of 1H spins may arise
if protons experience very slow fluctuations of the resonance
frequency (or, equivalently, of the z-component of the local
magnetic field). Such fluctuations are likely to appear for
protons diffusing through a microscopically inhomogeneous
medium.

It is interesting to note that the anomalous R2

enhancement has been observed near the critical point of binary
liquid mixtures showing a miscibility gap [28]. In the vicinity
of the critical point, long-living microregions of different
chemical composition are known to be formed. Molecular
diffusion in such microscopically heterogeneous liquids leads
to a time-dependent chemical shift experienced by a nucleus;
this results in R2 enhancement, as in the case of chemical
exchange [28, 29]. The R2 peak is expected to occur at
the temperature for which the fluctuation rate becomes nearly
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equal to the difference δω between the resonance frequencies
in different microregions [30]. For a diffusing particle, the
mean displacement in a time t along any axis is

√
2Dt , where

D is the diffusion coefficient. Therefore, the appropriate
fluctuation rate can be roughly estimated as D/2d2, where d
is the average size of the microregions. In order to assess
the length scale of d required to give rise to the R2 peak near
250 K, we have to estimate the values of δω and D (250 K).
The value of δω should be of the order of the maximum R2

value [30], i.e. ∼104 s−1. For the coarse-grained ZrCr2H3.3,
the value of D (250 K) measured by the pulsed-field-gradient
NMR technique is 5.5 × 10−8 cm2 s−1 [31]. Assuming that
for the ball-milled ZrCr2H3 samples with tm = 3 and 10 h, the
H diffusivity at 250 K is about three times lower, i.e. ∼2 ×
10−8 cm2 s−1, we obtain d ≈ 100 Å, or 10 nm. These rough
estimates show that the spatial scale of inhomogeneity in our
ball-milled ZrCr2H3 samples can lead to a peak of the proton
spin–spin relaxation rate. Thus, the proton spin–spin relaxation
rate can, in principle, be used as a probe of the inhomogeneity
of nanostructured hydrides.

The proton R2 peak near 230 K was also reported
for coarse-grained ZrCr2Hx with low x (x = 0.2, 0.3
and 0.5) [32]. As compared to the concentrated hydride
ZrCr2H3, these low-x compounds have considerably higher H
mobilities [17, 19] and much lower values of the magnetic
susceptibility and the proton Knight shift [17, 33]. The R2

peak in the low-x ZrCr2Hx was also interpreted in terms
of H diffusion through a microscopically inhomogeneous
medium; however, the inhomogeneity was assumed to be
intrinsic (clusters of H atoms or long-period spin-density
waves) [32]. It should be noted that the maximum R2 values
for the peak observed in the low-xZrCr2Hx did not exceed
5 × 102 s−1 [32], being lower than even the background R2

values for the ball-milled ZrCr2H3 (see figure 8). This means
that the amplitude of the resonance frequency fluctuations for
the ball-milled ZrCr2H3 should be much higher than in the
case of low-xZrCr2Hx . It is probable that paramagnetic centres
appearing in the process of milling [11] can contribute to the
R2 enhancement.

3.2. Ball-milled TaV2H1+δ

The temperature dependences of the proton spin–lattice
relaxation rates measured at ω/2π = 23.8 and 90 MHz for
the coarse-grained TaV2H1.0 and the ball-milled TaV2H1+δ

(tm = 0.5 and 6 h) are shown in figure 9. As can be seen from
this figure, for the coarse-grained TaV2H1.0 the temperature
dependence of R1 exhibits two peaks. Such a behaviour reflects
the coexistence of two well-separated frequency scales of H
jump motion [14, 15]. The fast localized motion within g-site
hexagons [15] is responsible for the low-temperature R1 peak
observed near 120 K, and the slower jump process leading to
long-range H diffusion gives rise to the high-temperature R1

peak near 300 K. The amplitude of the low-temperature peak
is smaller than that of the high-temperature one; this can be
explained by the combined effect of two factors. First, in
contrast to long-range diffusion, a localized motion averages
out only a part of the ‘rigid-lattice’ dipole–dipole interaction.

Figure 9. The temperature dependences of the proton spin–lattice
relaxation rates measured at 23.8 and 90 MHz for the coarse-grained
TaV2H1.0 and for the nanostructured TaV2H1+δ systems prepared by
ball milling for 0.5 and 6 h.

Second, only a fraction of all H atoms is known to participate
in the fast localized motion in TaV2Hx [15]. As can be seen
from figure 9, the milling leads to a rapid smearing out of the
low-temperature R1 peak. This suggests that the localized H
motion in TaV2Hx is very sensitive to distortions of the g-site
hexagons. Even slight distortions of the hexagons are expected
to result in very broad distributions of the H jump rates within
the hexagons. These observations support the idea that the
hydrogen jump rates strongly depend on the corresponding
intersite distances [34].

The amplitude of the high-temperature R1 peak remains
nearly unchanged, and its position shifts to higher T with
the increasing milling time (figure 9). For the ball-milled
TaV2H1+δ samples, this peak can still be attributed to H
diffusion in slightly distorted C15-type grains, and its shift
suggests a certain decrease in H mobility with increasing tm. In
contrast to the case of the ball-milled ZrCr2H3, in the studied
temperature range we have not found any R1 features that could
be ascribed to H motion in strongly distorted intergrain regions
of the ball-milled TaV2H1+δ . The most probable reason for
this is that H atoms (if any) in the intergrain regions of the ball-
milled TaV2H1+δ have a very low mobility, so they cannot give
rise to any R1 peak below 390 K.

Because of the presence of the fast localized H motion,
the electronic contribution to the proton spin–lattice relaxation
rate in TaV2Hx is difficult to estimate. For the coarse-
grained TaV2H1.0, we adopt the estimate Ce = 3.8 ×
10−3 s−1 K−1 from [14] and assume that this value remains
unchanged in the ball-milled TaV2H1+δ. In any case, in
the region of the high-temperature R1 peak the electronic
contribution R1e is much lower than the dipolar contribution
R1d. Figure 10 shows the behaviour of R1d at 23.8 MHz
in the region of the high-temperature peak for the coarse-
grained TaV2H1.0 and the ball-milled TaV2H1+δ (tm = 3 and
6 h). In order to evaluate the parameters of the long-range
H diffusion, we have used the BPP model with a Gaussian
distribution of activation energies. The results of the fits
of this model to the R1d data are shown by full curves in
figure 10. For the coarse-grained TaV2H1.0, the corresponding
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Figure 10. The dipolar contributions to the proton spin–lattice
relaxation rate at 23.8 MHz as functions of the inverse temperature
for the coarse-grained TaV2H1.0 and for the nanostructured TaV2H1+δ

systems prepared by ball milling for 3 and 6 h.

fit parameters are Ea = 198 meV, �Ea = 16 meV,
and τd0 = 4.8 × 10−12 s. The values of Ea and τd0

for the coarse-grained TaV2H1.0 are close to those derived
previously [14] from the proton spin–lattice relaxation data for
TaV2H0.87. For the ball-milled samples, we assume that the
value of τd0 is the same as for the coarse-grained TaV2H1.0,
and obtain Ea = 203 meV, �Ea = 22 meV for tm = 3 h
and Ea = 216 meV, �Ea = 31 meV for tm = 6 h. Thus,
the milling leads to the increase in both the average activation
energy and the width of the activation energy distribution.

Figure 11 shows the temperature dependences of the
1H NMR linewidth (full width at half-maximum) for the
coarse-grained TaV2H1.0 and ball-milled TaV2H1+δ (tm =
0.5 and 6 h). Besides the usual range of sharp motional
narrowing (∼150–170 K), the temperature dependence of the
proton linewidth for the coarse-grained TaV2H1.0 exhibits an
additional step-like feature near 50 K. This feature indicates
that a certain part of the ‘rigid-lattice’ dipole–dipole interaction
is averaged out by the fast localized H motion in TaV2H1.0.
For the ball-milled samples, no such well-pronounced feature
is observed. As the milling time increases, the range
of substantial line narrowing shifts to higher temperatures
(figure 11); this is consistent with a certain decrease in long-
range H mobility at long tm. As can be seen from figure 11,
the milling also leads to the increase in the linewidth at
the high-temperature plateau. This is likely to originate
from the growth of the number of paramagnetic centres
appearing in the process of milling. In contrast to the case
of ZrCr2H3, the proton spin–spin relaxation rate R2 in the ball-
milled TaV2H1+δ (not shown) does not exhibit any anomalous
behaviour in the range of the high-temperature plateau. One of
the possible reasons for this is the strong difference between
the long-range H diffusivities [31] in the crystalline grains
of ZrCr2H3 and TaV2H1.0. Thus, the observability of the
R2 peak in nanostructured hydrides is likely to depend on a
certain combination of the experimental parameters (D, δω, d).
A search for other nanostructured hydrides showing the R2

enhancement is in progress.

Figure 11. The temperature dependences of the width (full width at
half-maximum) of the proton NMR spectra measured at 23.8 MHz
for the coarse-grained TaV2H1.0 and for the nanostructured TaV2H1+δ

systems prepared by ball milling for 0.5 and 6 h.

4. Conclusions

The results of our proton NMR measurements for the
ball-milled Laves-phase hydrides ZrCr2H3 indicate that the
hydrogen mobility in this system strongly decreases with
increasing milling time. The experimental data suggest that
this effect is related to the growth of the fraction of highly
distorted intergrain regions where H mobility is much lower
than in the crystalline grains. These results are consistent with
the previous data [24] for amorphous counterparts of Laves-
phase hydrides. The anomalous peak of the proton spin–spin
relaxation rate has been revealed for the ball-milled ZrCr2H3

near 250 K. Such a peak may originate from slow fluctuations
of the resonance frequency of a proton diffusing through a
spatially inhomogeneous medium on the length scale of about
10 nm.

In contrast to the case of the ball-milled ZrCr2H3, in the
studied temperature range 11–384 K our proton NMR data
for the ball-milled TaV2H1+δ do not show any features that
could be ascribed to H motion in strongly distorted intergrain
regions. Therefore, all the results for this system should be
attributed to slightly distorted C15-type grains. It is found that
the ball milling leads to a suppression of the fast localized H
motion over g-site hexagons, which suggests that this motion
is extremely sensitive to distortions of the hexagons. The ball
milling also results in a certain decrease in the long-range H
mobility in C15-type grains of TaV2H1+δ.
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