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Ultrasonic evidence for hydrogen tunneling in a Laves-phase material: TaV2H„D…x
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Ultrasonic measurements were performed on theC15 Laves-phase compounds TaV2H0.18, TaV2D0.17, and
TaV2D0.50 from low temperatures up to 340 K. The low-temperature end of the measurements was 0.5 K for
TaV2H0.18 and 3 K for TaV2D0.17 and TaV2D0.50. In manyC15 compounds, including TaV2 , hydrogen iso-
topes occupy the interstitialg sites, which form a network of linked hexagons. For all three materials, a
relatively large attenuation peak was observed near room temperature for measurement frequencies in the
range of 1 MHz. This peak was associated with H~D! hopping between hexagons, the rate-limiting step for
long-range diffusion. Much smaller attenuation peaks were observed for both H and D in each material at low
temperatures and attributed to local motion within a hexagon ofg sites. These small, low-temperature loss
peaks showed totally nonclassical behavior with the H~D! motion exhibiting a very large isotope effect: the
relaxation rate for H was over an order of magnitude faster than that for D for similar concentrations. The
relaxation rates for the local motion were satisfactorily described by a nonclassical expression with parameters
for TaV2D0.50 in agreement with previous NMR measurements for this deuterium concentration. In qualitative
agreement with neutron scattering results, it was necessary to assume a temperature-dependent mobile popu-
lation of H ~D! in order to explain the low-temperature attenuation peaks. As further evidence of the nonclas-
sical nature of the motion, the mobile H population was not frozen out on the time scale of the ultrasonic
measurements ('1 MHz) down to 1 K. Previously undetected attenuation peaks were observed at an
intermediate-temperature range and attributed to an order-disorder transition of the H~D! atoms. It seems
likely that this transition is related to the temperature dependence of the mobile population.

DOI: 10.1103/PhysRevB.69.144110 PACS number~s!: 66.35.1a, 62.40.1i, 62.80.1f, 74.70.Ad
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I. INTRODUCTION

Recently, much interest has been shown in the study
hydrogen diffusion in Laves-phase materials.1 Many studies
of the cubic (C15-type! Laves-phaseAB2 compounds have
indicated unusual features for the interstitial motion of h
drogen isotopes. Nuclear magnetic resonance and quas
tic neutron scattering experiments give strong evidence
two frequencies of H~D! motion among interstitial sites in
these materials.2–9 Hydrogen isotopes occupy theg-type in-
terstitial sites in the Laves-phase structure. The 96g sites per
unit cell ~12 perAB2 formula unit! form a series of linked
hexagons. Theg-g distance for neighboring sites within
hexagon is usually shorter than the distance for neighbo
sites on different hexagons. The two frequencies of H~D!
motion correspond to hopping within a hexagon ofg sites
and between hexagons. This difference between the in
hexagon and intrahexagong-g distances is related to th
ratio of the radiiRA /RB of the elementsA andB forming a
cubic Laves-phaseAB2 material. For TaV2 this ratio is
anomalously low, resulting in a large difference between
fast jump rate and the slow jump rate for hydrogen isoto
in this material.5 The fast motion is of particular fundament
interest because it appears to be dominated by nonclas
effects, including a temperature-dependent H population
ticipating in the motion.5 The exact form of this temperatur
0163-1829/2004/69~14!/144110~6!/$22.50 69 1441
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dependence and the origin of the effect are not well know
Recent ultrasonic measurements10–12have indicated a strong
isotope effect on the fast, localized motion. A low
temperature attenuation peak was observed for D in Ta2 ,
but not for H. Two possibilities were suggested12 for the lack
of a peak for H: the absence of a mobile H population at
low temperatures of the experiment; or, the H motion
mained much faster than the approximately 1 MHz f
quency of the ultrasound down to helium temperatures. T
aim of the present work is to further explore this intriguin
low-temperature motion using improved ultrasonic metho
Ultrasonic experiments are ideal for probing the isotope
fect because H and D couple to the ultrasound in the sa
way, in contrast to other probes such as NMR and neut
scattering.

TaV2 exhibits other interesting behavior that can be inv
tigated by ultrasonic techniques. Previous studies13,14 on the
TaV2H(D)x system withx(D)>1.30 andx(H)>1.15 have
indicated an order-disorder transition below 150 K asso
ated with the long-range ordering of H~D! on theg sites. It
has been suggested that for lower concentrations, s
ordering—perhaps on a local scale—would still exist.1,15 It is
possible that this ordering is connected with the lo
temperature, local motion by contributing to the decrease
the mobile population as the temperature is lowered.

The present work is an extension of earlier studies
©2004 The American Physical Society10-1
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ultrasonic attenuation in TaV2H(D)x .10–12 Improvements
were made in the equipment that have allowed higher se
tivity in the attenuation measurements. The present pa
reports ultrasonic attenuation measurements of TaV2H0.18
over the range of 0.5–100 K and of TaV2D0.17 over the range
of 3–100 K. Also reported are results for TaV2D0.50 over the
temperature range of 3–340 K. Measurements from 0.5 to
K on TaV2H0.18 were made in a 1 T magnetic field. A larg
attenuation peak near room temperature was obse
previously11 in TaV2Hx and TaV2D0.17, and is associated
with the slower hexagon to hexagon hopping of H and
atoms. The present article reports a similar peak
TaV2D0.50. A second, much weaker attenuation peak is
served at low temperature in the deuterated materials an
attributed to the fast, local motion of D. Such a peak w
previously seen in TaV2D0.17, although there was too muc
scatter in the data to permit a quantitative analysis. An e
weaker peak is seen in the current measurements~an order of
magnitude smaller than the low-temperature peak in the d
terated materials! at low temperature in the hydrogenate
material. The current measurements also indicate a sma
tenuation peak at intermediate temperatures. This latter p
is consistent with the phenomenology of an ordering tran
tion.

II. EXPERIMENTAL DETAILS

Polycrystalline ingots of TaV2 were prepared by arc melt
ing appropriate mixtures of the high-purity constituent e
ments in an argon atmosphere followed by various annea
procedures. The TaV2 material was then loaded to varyin
concentrations of H or D to form TaV2H(D)x as has been
described previously.16

Using the experimental technique of resonant ultraso
spectroscopy17–19 ~RUS! the ultrasonic attenuation and res
nant frequencies were measured for TaV2H0.18, TaV2D0.17
and TaV2D0.50. With the RUS technique, piezoelectric tran
ducers are used to excite a large number of the low
frequency vibrational eigenmodes in samples of well-defin
shapes, such as rectangular parallelepipeds. Samples
prepared by cutting approximate parallelepipeds from
button ingots using a low-speed diamond saw. These w
then hand polished into accurate rectangular parallelepip
suitable for the ultrasonic measurements. Sample edge
mensions and masses were 1–1.8 mm and 16–22 mg
spectively. Lithium niobate compressional-mode transduc
were used to excite and detect the mechanical resonan
Measurements on TaV2D0.17 from 3 to 100 K, on TaV2D0.50
from 3 to 300 K, and on TaV2H0.18 from 40 to 100 K were
made using a commercial cryostat and temperature con
ler, with the sample in a low vacuum~3 Torr! environment of
helium gas. The sample mounting stage was redesigned
this experiment, and care was taken in isolating the en
system from vibrational interference. These steps resulte
lower overall background attenuation and scatter as c
pared to our earlier work. Measurements on TaV2H0.18 from
0.5 to 40 K were made using a3He cryostat at the Nationa
High Magnetic Field Laboratory at Los Alamos Nation
Laboratory. Measurements on this sample were also mad
14411
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a 1 T magnetic field from 0.5 to 40 K. The presence o
magnetic field is known to reduce the background of
ultrasonic attenuation in metals.20 Measurements above room
temperature were made at atmospheric pressure using a
mercial oven and temperature controller. The ultrasonic
tenuation in the materials is found by fitting the Lorentzi
line shapes of the resonant peaks to determine the qu
factor Q. The ultrasonic loss is then given simply by 1/Q.

III. RESULTS AND DISCUSSION

Figure 1 shows the ultrasonic loss versus tempera
over the range of 3–340 K for TaV2D0.50. As Fig. 1 shows,
a relatively large attenuation peak, centered at about 260
is observed for the measurement frequency of approxima
1.3 MHz. Similar peaks are observed for TaV2H0.18 and
TaV2D0.17 as reported previously.10,11These peaks have bee
attributed to H~D! hopping between hexagons, the relative
slow rate responsible for long-range diffusion. The dep
dence of this peak on H concentration was repor
previously.11 For D, the amplitude of the peak increases w
an increase in concentration, from approximately 0.008
x50.17 ~Ref. 11! to approximately 0.014 forx50.50 ~Fig.
1!. The dependence of the ultrasonic loss on deuterium c
centration for this peak will be discussed in more detail b
low.

Figure 2 shows the ultrasonic loss at low temperatures
TaV2D0.50 on a greatly expanded vertical scale. Two ad
tional peaks, hardly apparent in Fig. 1, are seen in Fig
Similarly, Fig. 3 shows the low-temperature ultrasonic loss
TaV2D0.17 and TaV2H0.18. Note that the vertical scale fo
Fig. 3~b! (TaV2H0.18) is greatly expanded as compared
Fig. 3~a! (TaV2D0.17). In a previous report12 the low-
temperature peaks in TaV2H0.18 could not be observed; th
scatter in the data was too great. The data of Fig. 3~b! from
0.5 to 40 K were taken in a 1 T magnetic field, which has
effect of decreasing the overall background attenuation i
metal.20 This lowered background attenuation permitted t
observation of the small peaks in Fig. 3~b!. As previously

FIG. 1. Ultrasonic loss vs temperature for TaV2D0.50 over the
range of 3–340 K. The solid line through the high-temperature p
represents a fit to the data using Eqs.~1!, ~3!, and~4!.
0-2
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reported, H-free TaV2 exhibited no rise in the ultrasonic a
tenuation at low temperatures, remaining relatively cons
at about 431025 up to 100 K, and increasing slightly from
this value with increasing temperature.

Figures 1–3, in combination with previous work,11 indi-
cate several features for the ultrasonic attenuation
TaV2H(D)x . ~1! There is a relatively large loss peak ne
room temperature for measurement frequencies near 1 M

FIG. 2. Expanded view of the low-temperature ultrasonic lo
for TaV2D0.50. The dashed line represents a model of the data u
Eqs. ~1!, ~3!, ~5!, and ~6! with a distribution of mobilization ener-
gies. The solid line shows contributions from all the effects we h
modeled.

FIG. 3. Low-temperature ultrasonic loss for~a! TaV2D0.17 and
~b! TaV2H0.18. The dotted line in~a! represents a model of the da
using Eqs.~1!, ~3!, ~5!, and ~6! with a single mobilization energy
The dashed lines show fits using a Gaussian distribution of mo
zation energies. The solid line in~b! shows contributions from al
the effects we have modeled.
14411
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This peak is well explained as H~D! hopping between hexa
gons ofg sites. The present article provides additional info
mation about this peak for deuterium.~2! There is a peak a
low temperatures. This peak shows a large isotope effec
appears at about 20 K for deuterium, but at about 1 K for
hydrogen. Furthermore, this peak is much weaker for H
compared to D. We will interpret these peaks as H~D! mo-
tion within a hexagon ofg sites.~3! There is an intermediate
temperature peak. This peak occurs at about 70 K
TaV2H0.18 and about 125 K for TaV2D0.50. There is a hint of
such a peak at about 80 K for TaV2D0.17. Based on other
work,13,14 we suggest that these peaks are due to an or
disorder transition of H~D! on the interstitial sites.

We now turn to a more detailed analysis and interpretat
of the data. Hydrogen hopping has been studied by us
ultrasonic attenuation in many systems. The motion of a
drogen isotope between neighboring sites can lead to u
sonic attenuation. Anelastic relaxation21 occurs when nearby
interstitial sites are affected differently by the applied ultr
sonic stress causing the hydrogen to relocate to sites of lo
energy. When the applied ultrasonic frequency is compara
to the hydrogen hopping rate, the net effect is dissipation
the input energy. The ultrasonic loss 1/Q due to anelastic
relaxation is given by18

1

Q
5

Dc

c

vtR

11v2tR
2 , ~1!

where Dc/c is often referred to as the relaxation streng
v/2p is the ultrasonic frequency, andtR is the relaxation
time. The quantityDc is the difference between the unre
laxed (cU) and relaxed (cR) elastic moduli;Dc5cU2cR .
An explicit expression for the relaxation strength can be c
culated for a two-level system, which is an appropriate
scription of an interstitial atom such as hydrogen occupy
either of two nearby sites. The energy splittingE is given by

E52~ET
21A2!1/2, ~2!

where 2ET is the tunnel splitting and 2A is the site asymme-
try energy. Except at very low temperatures, it can be sho
that for this case the relaxation strength is of the followi
form:18

Dc

c
5

nG2

kBTc
, ~3!

whereG5]E/]« is the variation of the energy level splittin
with respect to the ultrasonic strain,c is an elastic constant
andn is the concentration of hydrogen atoms contributing
the attenuation.

For the large attenuation peak at higher temperatur
simple Arrhenius expression for the relaxation time,

tR5tR0 expS Ea

kBTD , ~4!

with activation energyEa , can be used along with Eqs.~1!
and~3! to fit the data satisfactorily as discussed previously11

The solid line in Fig. 1 is a fit to the high-temperature lo
peak using Eqs.~1!, ~3!, and ~4!. This description is valid
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ATTEBERRY et al. PHYSICAL REVIEW B 69, 144110 ~2004!
over a range of measurement frequencies. Although
shown in the figure, data for two different measurement f
quencies were simultaneously fitted for this material. The
parameters weretR052.2310212 s andEa50.26 eV. These
values are in good agreement with NMR results.2 The fit also
determinesnG2/(kBc), a quantity related to the relaxatio
strength as shown in Eq.~3!. Using measured values of th
aggregate shear modulus forc, the values fornG2/kB were
calculated. For thex50.5 case,n51.0331028 m23, andc
578.4 GPa~the room temperature value!, were used. The
quantity nG2/(kBc) was found to be linearly dependent o
the concentrationn for the deuterated samples, as was fou
for the hydrogenated case.11 The linear dependence yields
value of the deformation potentialG50.17 eV for D in
TaV2 , the same value previously reported for the hydro
nated samples.11 This linear dependence is an example of t
Snoek effect for H~D! in intermetallic compounds.G is re-
lated to the response of interstitial sites ondifferenthexagons
to the applied ultrasonic strain. Therefore, it seems reas
able that there is no isotope dependence forG. Note that
1/Qmax, which is given bynG2/2kBcTmax, does notdepend
linearly on the concentration, althoughnG2/kB does. This
difference is due to the strong concentration dependenc
the shear elastic constant.22

In contrast to the high-temperature peaks, which are w
described as classical Debye peaks with an Arrhenius-
relaxation process, the low-temperature peaks behave q
differently. Skripovet al.2 found that the relaxation time fo
the low-temperature NMR spin-lattice relaxation data is r
sonably well described by the expression

tL5tL0 expS 2T

T0
D , ~5!

whereT0 andtL0 are fitting parameters. This expression h
some justification from quantum diffusion theory, taking in
account the effects of barrier fluctuations.23 We have used
this expression to model our low-temperature data. Not o
is the relaxation time non-Arrhenius, but the concentration
of H ~D! atoms contributing to the relaxation strength w
found to be dependent on temperature. Evidence has
given for a temperature-dependent mobile population.5 The
suggested approach to the description ofn(T) is based on the
assumption of some energy gapE0 between the static an
mobile H ~D! states. In this case,

n~T!5n0

exp~2E0 /kBT!

11exp~2E0 /kBT!
, ~6!

wheren0 is taken as the total H~D! concentration. Indeed,
temperature-dependent population appears to be require
describe our data. Equations~5! and ~6! with mobilization
energyE0 can be used along with Eqs.~1! and~3! to provide
a reasonable fit to the low-temperature data for TaV2D0.17,
TaV2H0.18, and TaV2D0.50. An application of this model is
shown by the dotted line in Fig. 3~a!, where a single value o
E051.98 meV has been used in Eq.~6! to fit the data for
TaV2D0.17. Consistently better agreement between the mo
and the data was obtained by using a distribution of ener
14411
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centered on some mean energy valueE0 , i.e., by integrating
Eq. ~1! from 0 to infinity over a Gaussian distribution o
mobilization energies. The dashed line in Fig. 3~a! shows a
fit using a Gaussian distribution with a mean valueE0
53.45 meV and a Gaussian widthdE051.29 meV. Simi-
larly, the dashed lines in Figs. 2 and 3~b! show fits to the
low-temperature peak using the same Gaussian distribu
model. The parameters for these fits are given in Table I

The intermediate-temperature peaks, attributed to
order-disorder transition, give some contribution to the
tenuation in the region of the low-temperature peaks. In
der to extract the parameters of the low-temperature mot
a simple model for the order-disorder contribution is d
cussed in what follows. The full lines in Figs. 2 and 3~b!
show contributions from both the low-temperature moti
just discussed and the order-disorder effect. Before disc
ing the intermediate-temperature peaks, we make some
marks about the parameters used for the low-tempera
peaks. It has been supposed that the existence of the mo
zation energyE0 results from some short-range order amo
the H ~D! atoms. The Gaussian distribution might appro
mate a spread in the local configurations. For fitting the
trasonic data, the low-energy side of the Gaussian distr
tion is much more important than the high-energy side. T
reason for this is as follows. Hydrogen isotopes that are
configurations requiring higher mobilization energies w
only become mobile at high temperature. At these hig
temperatures, the H~D! hopping rate will be so fast, i.e., th
relaxation time given by Eq.~5! will be so short that the
combined effect ofvtL(T) andn(T) will contribute little to
the ultrasonic attenuation. Neutron scattering experime
have been interpreted in terms of ann(T) that increases lin-
early at higher temperatures. It is possible that the ac
distribution ofE0 is such as to give the observed rise in t
ultrasonic attenuation at low temperatures, and the incre
in n(T) at higher temperatures needed to explain the neu
scattering experiments.

It is important to note that the conditionvtL'1 is never
met in the frequency range of our study~approximately 1
MHz!. In fact, vtL'1023 at 1 K for TaV2H0.18 and vtL
'0.03 at 15 K for TaV2D0.17. In the vtL!1 limit, the ul-
trasonic loss is given by 1/Q}n(T)vtL(T). As the tempera-
ture decreasesn(T) decreases, butvtL increases. These op
posite trends are responsible for producing the peak in
attenuation, not the conditionvtL'1. Thus, the present re
sults indicate that the rate of the H motion remains w

TABLE I. Parameters of H~D! relaxation for TaV2H0.18,
TaV2D0.17, and TaV2D0.50. T0 andtL0 are the parameters derive
using Eq.~5!. A temperature-dependent mobile population of H~D!
atoms was used in place of the total concentration, with a Gaus
distribution of mobilization energies centered onE0 with width
dE0 .

tL0 ~s! T0 ~K! E0 ~meV! dE0 ~meV!

TaV2H0.18 2.7310210 50 1.12 1.20
TaV2D0.17 8.631029 30 3.45 1.29
TaV2D0.50 5.031028 38 7.85 3.35
0-4
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ULTRASONIC EVIDENCE FOR HYDROGEN TUNNELING . . . PHYSICAL REVIEW B69, 144110 ~2004!
above 1 MHz down to 1 K. This model gives only a we
dependence of peak position on measurement freque
which is in accord with the experimental results. It would
highly desirable to carry out ultrasonic attenuation expe
ments on this system at 10–100 MHz, which would be
excellent test of the ideas presented here.

Values ofT0 and tL0 for TaV2D0.50 have been reported9

from NMR experiments as 38 K and 531028 s, respec-
tively. These values were used to fit our data. The ot
fitting parameters for the relaxation time in Table I are
accord with the NMR data. The trends in relaxation time a
function of isotope and of concentration are in good agr
ment with what has been found for other concentrations
higher temperatures;2,9,24 namely, the H~D! hopping rate is
faster for lower concentrations and at least an order of m
nitude faster for H than D for a similar concentration.

From the fit of the data to the theoretical expressions,
quantity n0G low

2 /kB is determined, whereG low is related to
the response of different interstitial siteswithin a hexagon to
the applied strain. Assuming that the quantityn0 is the total
concentration of interstitial H~D! atoms, an estimate o
G low50.1 eV is found for the low-temperature motion for a
three cases studied~Figs. 2 and 3!. It is remarkable that the
same value is found for all three cases and indicates a ce
self-consistency of the approach. It is reasonable to ex
this value to be isotope independent, and to differ somew
but not drastically, from the value ofG found for the re-
sponse of sites ondifferenthexagons~0.17 eV!.

We now take a more detailed, yet somewhat qualitat
look at the contribution to the ultrasonic loss for each ma
rial from the intermediate-temperature peaks, which we c
sider to be due to an ordering transition. The intent is no
provide an accurate description of this effect, but to prov
an approximate description so as to be able to extract
parameters of the local motion giving rise to the lo
temperature peak. If we take the small rise at about 80 K
TaV2D0.17 as an indication of such a peak, then a numbe
features of these peaks are in accord with heat capacity15 and
neutron scattering13 studies of the order-disorder transition
TaV2H(D)x at higher concentrations.~1! For equal concen-
trations the transition temperature is higher for D than for
~2! For a given isotope the transition temperature increa
with increasing H~D! concentration.~3! For equal concen-
trations the magnitude of the effect does not depend stro
on the isotope.~4! For a given isotope the intensities of th
superlattice lines indicating the long-range ordering ‘‘a
found to increase rapidly with increasingx. ’’ 13 This strong
increase is in accord with the fact that the peak at about
K in Fig. 2 is much stronger than any possible peak at ab
80 K in Fig. 3~a!.

For long-range ordering below the transition temperatu
TC , the relaxation of the order parameter is described by25,26

the relaxation timetC5t0 /(TC2T), in the expression

1

Q
5B

vtC

11v2tC
2 , ~7!

wheret0 andB are fitting parameters andv/2p is the ultra-
sonic frequency. This model applies only below the order
14411
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temperatureTC . Hence, we make no attempt to account f
the contribution of the order-disorder transition to the ultra
sonic loss above TC . There seems to be no direct eviden
for long-range order, such as superlattice lines, at the r
tively low H ~D! concentrations of our experiments. How
ever, given the strong concentration dependence found
the superlattice lines, it seems that long-range order co
exist with a low value of the order parameter at the low
concentrations. Another possibility is that the ordering at
low concentrations is short range. For short-range orde
the expression for the relaxation time would be slightly d
ferent from that given above. In any case, we have used
~7! with tC}(TC2T)21 to obtain a qualitative model of ou
data, in order to take into account the contribution from t
peak to the attenuation in the region of the low-temperat
peak. The solid lines in Figs. 2 and 3~b! show the results
from adding Eq.~7! to the low-temperature model~indicated
by the dashed line!, which was discussed previously. Th
fitting parameterst0 , TC , and B for TaV2D0.50 were 2.4
31026 s, 140 K, and 631026, respectively, and for
TaV2H0.18, 9.331027 s, 74 K, and 131026, respectively.
The amplitude of the order-disorder peak for TaV2D0.50 is
approximately 431024, an order of magnitude larger tha
the peak for TaV2H0.18. Assuming the amplitude should b
roughly isotope independent, the transition peak
TaV2H0.18 would indicate that an ordering transition i
TaV2D0.17 would have an amplitude of approximately
31025. A feature with this amplitude would be virtually los
in the tail of the low-temperature loss peak for this isotope
indicated in Fig. 3~a!, but is consistent with the bump in th
ultrasonic loss around 80 K in the TaV2D0.17 data.

In general, the interpretation of the ultrasonic data is
accord with the parameters and trends found for the NM
experiments, with one exception. Nuclear spin-lattice rel
ation measurements on51V in TaV2H(D)x have found a
stronger relaxation for D as compared to H for the sa
concentration of the two isotopes.2 This result has been
interpreted5 as meaning that a larger fraction of the D atom
participate in the local motion as compared to H at the te
peratures of the measurements ('100 K). The present ultra-
sonic measurements at lower temperatures are in disag
ment with this interpretation. The ultrasonic results were
using a mobilization energy for H that is lower than for D
The result is that the population of mobile H is larger th
for D in the temperature range of our measurements. In g
eral, neutron scattering, NMR, and ultrasound results all
quire a temperature-dependent and possibly isoto
dependent population of mobile H~D! atoms to explain the
results. These three experimental probes tend to have m
mum sensitivity to the H~D! motion in different frequency
and temperature ranges. It may be that Eq.~6! just provides
a convenient means to describe a temperature-depen
population of H~D! atoms. The actual population may hav
a more complicated dependence on temperature~and iso-
tope!, especially if it is related to the order-disorder tran
tion. The origin of the temperature-dependent population
mains unclear.
0-5
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IV. CONCLUSIONS

Ultrasonic techniques were used to study hydrogen m
tion in TaV2H0.18, TaV2D0.17 and TaV2D0.50, providing fur-
ther details concerning the peculiar dynamics of hydroge
Laves-phase materials. The magnitude of the ultrasonic
for the hexagon to hexagon hopping, the rate-limiting s
for long-range diffusion, was found to be linear in D conce
tration, as was previously found for H. The parameterG de-
scribing the coupling betweeng sites and strain had th
value 0.17 eV for both isotopes. The relaxation rate exhib
a small isotope effect and was well described by
Arrhenius-type expression for the H~D! hopping rate.

In marked contrast to these high-temperature peaks, m
weaker peaks were observed at lower temperatures tha
hibited totally nonclassical behavior. These peaks were
tributed to motion within a hexagon ofg sites. The relaxation
rate was satisfactorily described by a nonclassical exp
sion, similar to the results from a barrier fluctuation model
the theory of quantum tunneling. The parameters used
describe the relaxation rate for TaV2D0.50 were the same a
those used to describe NMR spin-lattice relaxation meas
ments at higher temperatures on the same material. Th
laxation rate for TaV2D0.17 was somewhat faster than that f
TaV2D0.50, in agreement with the concentration depende
found from NMR experiments. Also in qualitative agreeme
with NMR measurements, the relaxation rate for H was o
an order of magnitude faster than that for D for similar co
.
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centrations. Within experimental error the same value
G low50.1 eV was found for the low-temperature motion f
all three materials.

Previously undetected attenuation peaks were obse
and attributed to an order-disorder transition of the H~D!
atoms among the interstitial sites. These peaks provide
perimental evidence for an earlier suggestion that
temperature-dependent mobile population is related to or
ing. The main contribution of the present paper is to prov
further evidence for the unusual motion of H~D! at low
temperatures in the Laves-phase material TaV2 , and to show
that this motion seems to be dominated by quantum effe
Similar effects probably hold for other Laves-phaseAB2 ma-
terials and perhaps rare-earth materials as well. A consis
picture was used to describe the present results. Unansw
questions include the nature of the mobile H~D! population,
and the reason for the apparent disagreement between
present ultrasonic measurements and previous NMR m
surements as to the fraction of H~D! atoms participating in
the local motion.
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