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Ultrasonic evidence for strong isotope effects on the local motion of H„D… in TaV2H„D…x
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Ultrasonic measurements were performed on theC15 Laves-phase compounds TaV2H0.18 and TaV2D0.17

over the temperature range 3–345 K. Ultrasonic loss peaks were observed in both materials at 250–275 K for
measurement frequencies in the range of 1 MHz. These peaks were interpreted as H~D! hopping between
interstitial g-site hexagons, the motion responsible for long-range diffusion. This motion exhibited a small
isotope effect with the H hopping rate being somewhat faster than that for D. The activation energies and
attempt frequencies were in good agreement with earlier measurements by other techniques. In contrast to the
similarity of the TaV2H0.18 and TaV2D0.17 results at high temperatures, the low-temperature behavior of the two
materials differed substantially. A weak loss peak was observed in TaV2D0.17 at low temperatures. This peak
was attributed to the local motion withing-site hexagons previously explored by nuclear magnetic resonance
and quasielastic neutron scattering experiments. At a given temperature the rate of this motion is several orders
of magnitude faster than that responsible for the high-temperature peak. No evidence of a low-temperature loss
peak was found for TaV2H0.18. This strong isotope effect suggests that the local motion is highly dominated by
quantum effects. The most likely reason for the absence of an attenuation peak in TaV2H0.18 is that the local
motion occurs at a rate much higher than that of the ultrasonic frequency~; 1 MHz! throughout the tempera-
ture range explored.

DOI: 10.1103/PhysRevB.64.214302 PACS number~s!: 66.35.1a, 62.40.1i, 62.80.1f, 74.70.Ad
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I. INTRODUCTION

A number of studies have shown unusual features for
motion of hydrogen isotopes inC15 Laves-phase materials
Nuclear magnetic resonance~NMR! and quasielastic neutro
scattering~QENS! experiments give strong evidence for tw
frequency scales of the H~D! hopping rate among interstitia
sites in these materials.1–8 Hydrogen isotopes occupy the in
terstitial g sites in these compounds,9 these sites forming a
series of linked hexagons. Theg-g distance for neighboring
g siteswithin the same hexagon,r 1 , is usually shorter than
the g-g distance forg sites ondifferent hexagonsr 2 . The
present experimental evidence indicates that the slower,
limiting step for long-range diffusion involves H~D! hops
between hexagons, while the faster, local motion invol
hops within the same hexagon. There is much that is
understood about this local motion. Only a small fraction
H~D! atoms participates in the local motion, and this fracti
appears to be both isotope and temperature dependent. T
are similarities to the situation in the rare-earth metals wh
there are at least two frequency scales of motion, and wh
there is NMR evidence for a local motion in which only a
isotope-dependent fraction of the H~D! atoms participate.10

NMR and QENS have been the primary techniques use
study dynamics of H~D! in the Laves-phase materials, a
though a preliminary ultrasonic experiment11 gave evidence
for an isotope effect in the local motion. Ultrasonic metho
and mechanical spectroscopy in general, are especially
suited for studying isotope effects in that the coupling b
tween the ultrasound and the H~D! atoms is not sensitive to
isotope mass, cross section, or spin, so that the meas
isotope effects reflect the motion of the isotopes, independ
0163-1829/2001/64~21!/214302~6!/$20.00 64 2143
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of the coupling mechanism. Furthermore, mechanical sp
troscopy can explore a much lower frequency range than
other techniques. Because the motion is usually tempera
dependent, the lower frequencies essentially permit the s
of a different temperature range. As a result, it is possi
that ultrasonic measurements at relatively low frequenc
may reveal two attenuation peaks well separated in temp
ture due to the two types of motion.

A series of studies8 have shown a strong correlation b
tween the parameters of the two jump processes and the
g-g distancesr 1 andr 2 . In comparison to a number ofC15
Laves-phase compounds the ratior 1 /r 2 is least for TaV2,
while the ratio of the fast jump rate to the slow jump rate
greatest in this compound.5 Measurements of the temperatu
dependence of the nuclear spin-lattice relaxation rates
1H, 2D, and 51V in TaV2H~D!x showed two overlapping
maxima due to H~D! motion, with the maximum at lower
temperature being attributed to the local motion. While t
high-temperature motion exhibited Arrhenius behavior,
lower-temperature motion was strongly non-Arrhenius. T
measurements of the spin-lattice relaxation of51V due to
quadrupolar interactions with the moving H and D atom
revealed isotope effects.2 The results indicated that the loca
motion ~and indeed long-range motion! of D was somewhat
slower than that of H for a given concentration and tempe
ture. More striking, however, was the fact that the51V relax-
ation rate due to D was considerably greater than that du
H. This effect was interpreted as the fraction of D atom
participating in the local motion being about three times t
of H, both fractions increasing with temperature.

The present paper reports ultrasonic attenuation and e
tic constant measurements of TaV2H0.18 and TaV2D0.17 over
©2001 The American Physical Society02-1
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the temperature range 3–345 K. These measurements i
1-MHz frequency range reveal a large attenuation peak
both TaV2H0.18 and TaV2D0.17, which is associated with
hexagon to hexagon hopping of H and D atoms, respectiv
For the case of TaV2D0.17 a second, much weaker peak
observed at low temperatures that is well separated from
high-temperature peak. No such low-temperature pea
found in TaV2H0.18 indicating a strong isotope effect.

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 with H or D
to obtain TaV2H0.18 or TaV2D0.17 in a manner described
previously.1 Resonant ultrasound spectroscopy12–14 ~RUS!
was used to measure the ultrasonic loss and elastic cons
With the RUS technique, piezoelectric transducers are u
to excite a large number of the lowest-frequency vibratio
eigenmodes in samples of well-defined shapes, such as
angular parallelepipeds. Samples were prepared by cu
approximate parallelepipeds from the button ingots usin
low-speed diamond saw. These were then hand polished
accurate rectangular parallelepipeds suitable for the u
sonic measurements. The room-temperature sample edg
mensions of TaV2H0.18 and TaV2D0.17 were 0.210330.1681
30.1903 and 0.121530.169730.1072 cm3 with masses of
65.6 and 21.6 mg, respectively. Either lead zirconate titan
~PZT! or lithium niobate compressional-mode transduc
were used to excite and detect the mechanical resonan
Measurements below room temperature were made usi
commercial cryostat and temperature controller, with te
perature resolution of60.1 K. These measurements we
made in a low vacuum~;3 mm of Hg! environment of he-
lium gas. Measurements above room temperature were m
at atmospheric pressure using a commercial oven and
perature controller. From measurements of the resonant
quencies, with the sample dimensions, density, and cry
structure known, the full elastic modulus tensor can be
termined. The ultrasonic attenuation is found by measur
the quality factorQ of the resonant line shapes. The ultr
sonic loss is then given simply as 1/Q.

III. RESULTS AND DISCUSSION

Figure 1 shows the ultrasonic loss versus tempera
over the range 3–345 K for TaV2H0.18 and TaV2D0.17. The
frequencies of the modes are 1.058 and 1.149 MHz
TaV2H0.18 and TaV2D0.17, respectively. These peaks each d
pend solely on the aggregate shear elastic constant, no
the bulk modulus. Several features are immediately appa
A large loss peak centered near 250–275 K is observed
both compounds. As will be discussed in more detail, th
peaks are associated with H~D! hopping between hexagon
the relatively slow, rate-limiting motion responsible for lon
range diffusion. The two peaks are of nearly equal amplitu
indicating that the coupling of the H~D! motion to the ultra-
sound depends little, if any, on the isotope. The peaks
21430
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indicate a small isotope effect for the H~D! hopping rate; the
peak for TaV2D0.17 clearly occurs at higher temperatures f
approximately the same measurement frequency. This i
cates that the D hexagon-to-hexagon hopping rate is so
what lower than that for H, a result consistent with the NM
measurements.2

More important, there is a small loss peak at low tempe
ture for D,but no such peak is observed for H. By compari-
son with the NMR results, this low-temperature peak is
sociated with the rapid, local motion. The resu
immediately indicate a large isotope effect for the local m
tion. Figure 2 shows in more detail the low-temperature lo
peaks in TaV2D0.17 for four measurement frequencies. Th
peaks shift slightly to higher temperatures for higher m
surement frequencies. Neither the high-temperature peak
the low-temperature peak was observed in the H~D!-free
material, which had a low-level, almost temperatu
independent attenuation.

FIG. 1. Ultrasonic loss vs temperature in TaV2H0.18, TaV2D0.17,
and TaV2 over the range 3–345 K. The ultrasonic frequency w
approximately 1 MHz for all modes shown.

FIG. 2. Expanded view of the low-temperature ultrasonic lo
peak in of TaV2D0.17 for four vibrational modes. The solid lines ar
guides to the eye and do not represent theoretical fits to the da
2-2
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Figure 3 shows the aggregate elastic shear modulusG,
for these polycrystalline samples. Although a more deta
account of TaV2Hx modulus measurements has been p
lished elsewhere,15,16 the important point to notice in Fig. 3
is that the temperature dependence ofG clearly differs for
the two isotopes. The shear modulus of TaV2H0.18 deviates
from an approximately linear temperature dependence be
about 20 K, but this does not happen for TaV2D0.17. Due to
uncertainties in sample dimensions and density, the abso
error inG is about 1%; thus the difference in absolute valu
of the shear modulus for the two materials is just margina
outside experimental error. The error in the temperature
pendence is much smaller and is essentially given by
scatter in the data.

We now turn to a more detailed analysis of the data. T
hopping of hydrogen between nearby interstitial sites
been studied in many systems by means of mechanical s
troscopy ~i.e., internal friction, ultrasonic attenuation
etc.!.17–26 Anelastic relaxation27 occurs in cases wher
nearby interstitial sites are affected differently by an exter
stress, leading to a redistribution of the hydrogen occupa
of the sites. If the redistribution rate is comparable to
frequency of the applied stress, mechanical-energy diss
tion occurs. The ultrasonic loss 1/Q due to relaxation is
given by28–30

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 unr
laxed (cU) and relaxed (cR) elastic moduli;Dc5cU2cR .
An explicit expression for the relaxation strength can be c
culated for simple systems. An interstitial atom such as
drogen, which may occupy either of two nearby interstit
sites, can be described as a two-level system. The en
splitting DE is given by

FIG. 3. Elastic shear modulus~G! for polycrystalline TaV2H0.18

and TaV2D0.17 in a range 3–90 K.
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DE52~ET
21A2!1/2, ~2!

where 2ET is the tunnel splitting and 2A is the difference in
site energy~asymmetry!. For this case it can be shown th
the relaxation strength is of the form

Dc

c
5

ng2

kBTc
sech2F DE

kBTG , ~3!

wheren is the concentration of hydrogen atoms contributi
to the attenuation,g5](DE)/]« is the variation of the en-
ergy level splitting with respect to the ultrasonic strain«, and
c is an elastic constant. The formalism may be used e
when the tunneling matrix elementET is negligible. It is
usually assumed that the variation ofDE with respect to
strain is due to the strain dependence ofA, not ET . It is seen
that forg to be nonzero, the two nearby interstitial sites mu
respond differently to strain; in other words, they are
equivalent. Except at very low temperatures it is usually
case thatkBT@DE and the sech2@DE/kBT# term approaches
unity. In the present study it was found that the data for
high-temperature peaks could be fitted satisfactorily with E
~3! using this assumption. Figures 4~a! and 4~b! show more
attenuation data for the high-temperature peaks, for b
compounds, along with fits using thermally activated ho
ping for tR . For TaV2D0.17 the data for two different mea
surement frequencies~1.1490 and 2.2626 MHz! were fitted
using the simple expression

tR5tR0
exp~Ea /kBT!, ~4!

giving tR0
andEa as 6.0310213s and 0.29 eV, respectively

The solid lines in Fig. 4~a! are fits using these parameter
The agreement between experiment and theory is cle
rather good. This value forEa is in reasonable agreemen
with the NMR results at higher temperatures and concen
tions. Skripovet al.2 found 0.26 eV for TaV2D0.50 in the
300–400-K range. While the data for TaV2H0.18 could be
fitted reasonably well with the same approach, it was fou
that a consistently better fit was found by taking the hopp
rate for H as the sum of two Arrhenius rates,

tR
215tR01

21 expF2Ea1

kBT G1tR02

21 expF2Ea2

kBT G . ~5!

Figure 4~b! shows the fit of the data for TaV2H0.18 for four
different measurement frequencies~0.8–1.4 MHz!. The re-
sults of the fit gave (9.6310213s, 0.27 eV) and (6.0
31029 s, 0.12 eV) for (tR01

,Ea1) and (tR02
,Ea2), respec-

tively. We follow the interpretation of Renzet al.31,32associ-
ating process 1 with phonon-assisted tunneling through
excited state and process 2 with phonon-assisted tunne
between ground states. The attempt frequencies for
higher activation energy process aretR01

21'(1 – 2)

31012s21, which are much lower than the typical H~D! vi-
bration frequencies33 of nHD'(2 – 4)31013s21; however,
these attempt frequencies are closer to the Debye freque
which we estimate asnD'631012s21 for TaV2. The theory
of quantum diffusion34,35 indicates thattR01

21 should be of the
2-3
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order of the Debye frequency. This theory also accounts
natural way for the absence of process 2 for D. Tunnel
between ground states is expected to be especially sens
to the mass of the tunneling particle; process 2 may be s
pressed for D due to the larger mass. The slightly hig
value ofEa

D as compared toEa1
H is in agreement with Skripov

et al.,2 who found a slightly higher activation energy for D a
compared to H for comparable concentrations.

In contrast to the high-temperature peak in TaV2D0.17,
which is well described with an Arrhenius-type process,
low-temperature peak behaves quite differently. An acti
tion energy of;10 meV would be required to describe th
shift of the peaks with the ultrasonic measurement freque
and also to reconcile the present results with the earlier N
results. However, an activation energy of this value giv
loss peaks that are too narrow, and have the wrong shap
describe the actual data. Thus, it seems that a simple Arr
ius process will not describe the low-temperature peak;

FIG. 4. Expanded view of the high-temperature ultrasonic l
peaks:~a! TaV2D0.17. The solid lines represent theoretical fits to t
data using Eqs.~1!, ~3!, and ~4!. ~b! TaV2H0.18. The solid lines
represent theoretical fits to the data using Eqs.~1!, ~3!, and~5!.
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conclusion is in agreement with the NMR results obtained
higher temperatures. The broad, asymmetric loss peak c
no doubt be fitted with a distribution of activation energie
but there seems little justification for such an approach,
pecially given that the high-temperature peak requires on
single activation energy. In fact, the NMR results are a
inconsistent with a broad distribution of frequencies of t
localized motion. Skripovet al.2 were able to fit the low-
temperature spin-lattice relaxation with an expressiontL
5tL0 exp(2T/T0) for the hopping time at low temperature
whereT0 andtL0 are fitting parameters. Such an express
has some justification from the theory of quantu
diffusion.36 Using this expression for the relaxation time
Eq. ~1!, good fits to the low-temperature peaks we
achieved for eachparticular frequency. However, this ex
pression cannot successfully account for the shift of
peaks with measuring frequency.

Further complicating the attempt to give a theoretical d
scription of the low-temperature peak is the fact that NM
and QENS results indicated that only a fraction of the
atoms participate in the local motion, and that this fraction
temperature dependent. As a result, the temperature de
dence of the relaxation strengthDc/c is not clear at this
point. However, certain observations are possible. Clea
the low-temperature peak is much weaker than the hi
temperature peak. To proceed further we assume that
relaxation strength varies asng2/T where nown is the con-
centration of participating D atoms. Furthermore, for a cru
estimate we assume thatg is the same for the high
temperature and low-temperature peaks. This assump
may be reasonable becauseg sites are apparently involved i
both cases.

Comparing the peak heights at 250 and 20 K leads to
estimate ofnl5331023nh , where nl and nh refer to the
concentration of D atoms participating in the low- and hig
temperature peaks, respectively. Assuming that essentiall
the D atoms contribute to the high-temperature peak i
estimated that only 0.3% of D atoms participate in the lo
motion at 20 K. Skripovet al.5 estimated the fraction of H
atoms participating in the local motion by QENS measu
ments over the temperature range 80–300 K. Extrapola
their results for TaV2H0.6 down to 20 K gives 3.7% as the
participating concentration of H. However, NMR
measurements2 at much higher temperatures indicated th
the fraction of D atoms participating in the local motion
about three times that of H. Thus, the QENS and NMR
sults at higher temperatures extrapolated to 20 K give
estimate of about 10% participating D. This is much larg
than our estimate of 0.3%. This disagreement may indic
that the extrapolation is invalid, or that one of the assum
tions aboutDc/c is incorrect. Also, the QENS and NMR
measurements were at higher H~D! concentrations than the
present measurements.

The most remarkable feature of the present results is
absence of a low-temperature peak for the hydrog
containing material. There are at least two possibilities
this absence. First, the number of participating H atoms m
be too low to result in an observable peak. However, if
factor of 3 found from NMR measurements holds for t

s

2-4
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present case a low-temperature peak should be obse
Figure 1 indicates that a peak approximately a factor of
weaker than that found for D would just be observable. S
ond, it may be that the local motion remains at a rate w
above the ultrasonic frequency even down to 3 K sothat the
conditionvtR!1 holds throughout the temperature range
the measurements. This high value of the local relaxa
rate is consistent with the NMR measurements. Some s
port for this second viewpoint is also found from the mod
lus measurements. Tunneling motion can lead to a reso
decrease in the sound velocity at low temperatures.29,37 In
brief, H would be expected to have a larger tunneling ma
element than D due to the mass difference. The differ
temperature dependencies for the shear modulus
TaV2H0.18 and TaV2D0.17 could be due to the onset of th
resonant process for H as the temperature is lowered. T
rapid tunneling by H could account for both the absence o
low-temperature peak for H~the relaxation rate remains we
above the ultrasonic frequency! and the different temperatur
dependencies for the moduli. This downturn depends on b
the tunneling matrix element and any asymmetries that e
among the interstitial sites. The present data are insuffic
to determine these parameters. Experiments at lower t
peratures are planned to obtain more data and test this

IV. CONCLUSIONS

The unusual motion reported for H~D! in C15 Laves-
phase compounds has been investigated in TaV2H0.18 and
TaV2D0.17 by means of ultrasonic measurements. An ult
sonic loss peak at 250–275 K for measurement frequen
in the range of 1 MHz was observed in both materials a
.
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interpreted as H~D! hopping betweeng-site hexagons, the
motion responsible for long-range diffusion. This motion e
hibited a small isotope effect with the H hopping rate bei
somewhat faster than that for D. The activation energies
attempt frequencies were in good agreement with ear
measurements. In contrast to the similarity of the TaV2H0.18
and TaV2D0.17 results at high temperatures, the low
temperature behavior of the two materials differed subst
tially. A weak loss peak was observed in TaV2D0.17 at low
temperatures. This peak was attributed to the local mo
within g-site hexagons previously explored by NMR an
QENS experiments. The rate for this motion is several ord
of magnitude faster than that of the high-temperature pe
No evidence of a low-temperature loss peak was found
TaV2H0.18. This strong isotope effect suggests that the lo
motion is highly dominated by quantum effects. The mo
likely reason for the absence of an attenuation peak
TaV2H0.18 is that the local motion occurs at a rate mu
higher than that of the ultrasonic frequency~;1 MHz!
throughout the temperature range explored~down to 3 K!. To
explore these ideas further, future experiments at lower t
peratures and higher H concentrations are planned.
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