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Ultrasonic evidence for hydrogen tunneling in a Laves-phase material: TayH(D)
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Ultrasonic measurements were performed onGié& Laves-phase compounds T4 15, TaVoDg 47, and
TaV,Dq 5o from low temperatures up to 340 K. The low-temperature end of the measurements was 0.5 K for
TaV,Hg g and 3 K for Ta\bDg ;7 and Ta\bDg50. In manyC15 compounds, including TgV hydrogen iso-
topes occupy the interstitiad 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{[») 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 hexagog sites. These small, low-temperature loss
peaks showed totally nonclassical behavior with th€Dhl 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 TaV,D, 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 (fbg dtoms. It seems
likely that this transition is related to the temperature dependence of the mobile population.
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[. INTRODUCTION dependence and the origin of the effect are not well known.
Recent ultrasonic measureméfits?have indicated a strong

Recently, much interest has been shown in the study ofotope effect on the fast, localized motion. A low-
hydrogen diffusion in Laves-phase materialany studies temperature attenuation peak was observed for D in,TaV
of the cubic C15-type Laves-phasé\B, compounds have but not for H. Two possibilities were suggestétbr the lack
indicated unusual features for the interstitial motion of hy-of a peak for H: the absence of a mobile H population at the
drogen isotopes. Nuclear magnetic resonance and quasielasw temperatures of the experiment; or, the H motion re-
tic neutron scattering experiments give strong evidence fomained much faster than the approximately 1 MHz fre-
two frequencies of HD) motion among interstitial sites in quency of the ultrasound down to helium temperatures. The
these material$:® Hydrogen isotopes occupy tlietype in-  aim of the present work is to further explore this intriguing
terstitial sites in the Laves-phase structure. The $fies per  low-temperature motion using improved ultrasonic methods.
unit cell (12 perAB, formula uni) form a series of linked Ultrasonic experiments are ideal for probing the isotope ef-
hexagons. The-g distance for neighboring sites within a fect because H and D couple to the ultrasound in the same
hexagon is usually shorter than the distance for neighboringvay, in contrast to other probes such as NMR and neutron
sites on different hexagons. The two frequencies of)l  scattering.
motion correspond to hopping within a hexagongobites TaV, exhibits other interesting behavior that can be inves-
and between hexagons. This difference between the intetigated by ultrasonic techniques. Previous studigbon the
hexagon and intrahexagog-g distances is related to the TaV,H(D), system withx(D)=1.30 andx(H)=1.15 have
ratio of the radiiR,/Rg of the element\ andB forming a  indicated an order-disorder transition below 150 K associ-
cubic Laves-phaséAB, material. For Tay this ratio is  ated with the long-range ordering of () on theg sites. It
anomalously low, resulting in a large difference between thénas been suggested that for lower concentrations, some
fast jump rate and the slow jump rate for hydrogen isotopesrdering—perhaps on a local scale—would still existlt is
in this materiaP The fast motion is of particular fundamental possible that this ordering is connected with the low-
interest because it appears to be dominated by nonclassidg@mperature, local motion by contributing to the decrease of
effects, including a temperature-dependent H population pathe mobile population as the temperature is lowered.
ticipating in the motior?. The exact form of this temperature ~ The present work is an extension of earlier studies of
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ultrasonic attenuation in Ta¥(D),.°"*? Improvements 00 T T T T T
were made in the equipment that have allowed higher sensi- 0014 | ]
tivity in the attenuation measurements. The present paper -

reports ultrasonic attenuation measurements of ,Fg\(g . 0012 [

over the range of 0.5—100 K and of TglY;, ;7 0ver the range ,Q_ 0.010

of 3—100 K. Also reported are results for TeY, 5o over the @ I

temperature range of 3—340 K. Measurements from0.5t0 40 & 0.008 I

K on TaV,Hg 15 were made in a 1 T magnetic field. A large © 0.006

attenuation peak near room temperature was observed § 0.004 L

previously! in TaV,H, and Ta\Dg 7, and is associated g

with the slower hexagon to hexagon hopping of H and D 5 0.002

atoms. The present article reports a similar peak for 0.000 | g

TaV,Dg50- A second, much weaker attenuation peak is ob- NP T T U T R S

served at low temperature in the deuterated materials and is 0 5 100 150 200 250 300 350
attributed to the fast, local motion of D. Such a peak was Temperature (K)

previously seen in TadD, 17, although there was too much

scatter in the data to permit a quantitative analysis. An even FIG. 1. Ultrasonic loss vs temperature for T4 5o over the
weaker peak is seen in the current measureniantsrder of range of 3—34Q K. The solid I|r_1e through the high-temperature peak
magnitude smaller than the low-temperature peak in the deJePresents a fit to the data using E(s, (3), and (4).

terated materiajsat low temperature in the hydrogenated

material. The current measurements also indicate a small a& 1 T magnetic field from 0.5 to 40 K. The presence of a

tenuation peak at intermediate temperatures. This latter pedRagnetic field is known to reduce the background of the
is consistent with the phenomen0|ogy of an Ordering transiultrason|c attenuation in metiﬂ%MeasurementS above room

tion. temperature were made at atmospheric pressure using a com-
mercial oven and temperature controller. The ultrasonic at-
tenuation in the materials is found by fitting the Lorentzian
line shapes of the resonant peaks to determine the quality
Polycrystalline ingots of Taywere prepared by arc melt- factor Q. The ultrasonic loss is then given simply byQl/
ing appropriate mixtures of the high-purity constituent ele-
ments in an argon atmosphere followed by various annealing
procedures. The TgVmaterial was then loaded to varying
concentrations of H or D to form Tg¥(D), as has been Figure 1 shows the ultrasonic loss versus temperature
described previoushf over the range of 3—340 K for Ta¥, 50. As Fig. 1 shows,
Using the experimental technique of resonant ultrasouna relatively large attenuation peak, centered at about 260 K,
spectroscopy 1 (RUS) the ultrasonic attenuation and reso- is observed for the measurement frequency of approximately
nant frequencies were measured for JHlYg, TaV,Dp17; 1.3 MHz. Similar peaks are observed for Tl g and
and Ta\D, 5. With the RUS technique, piezoelectric trans- TaV,D, ;7 as reported previously:** These peaks have been
ducers are used to excite a large number of the lowestttributed to H(D) hopping between hexagons, the relatively
frequency vibrational eigenmodes in samples of well-definedlow rate responsible for long-range diffusion. The depen-
shapes, such as rectangular parallelepipeds. Samples wetence of this peak on H concentration was reported
prepared by cutting approximate parallelepipeds from thereviously*! For D, the amplitude of the peak increases with
button ingots using a low-speed diamond saw. These weran increase in concentration, from approximately 0.008 for
then hand polished into accurate rectangular parallelepipeds=0.17 (Ref. 11) to approximately 0.014 fox=0.50 (Fig.
suitable for the ultrasonic measurements. Sample edge di). The dependence of the ultrasonic loss on deuterium con-
mensions and masses were 1-1.8 mm and 16—22 mg, reentration for this peak will be discussed in more detail be-
spectively. Lithium niobate compressional-mode transducerw.
were used to excite and detect the mechanical resonances. Figure 2 shows the ultrasonic loss at low temperatures for
Measurements on Tag\D, ;7 from 3 to 100 K, on TayDysg  TaV,Dgso ON a greatly expanded vertical scale. Two addi-
from 3 to 300 K, and on TayH, 15 from 40 to 100 K were tional peaks, hardly apparent in Fig. 1, are seen in Fig. 2.
made using a commercial cryostat and temperature controBimilarly, Fig. 3 shows the low-temperature ultrasonic loss in
ler, with the sample in a low vacuu(B Torr) environment of  TaV,Dg 17 and Ta\bHg 15. Note that the vertical scale for
helium gas. The sample mounting stage was redesigned féiig. 3(b) (TaV,Hg 19 is greatly expanded as compared to
this experiment, and care was taken in isolating the entir€ig. 3@ (TaV,Dgy;7). In a previous repotf the low-
system from vibrational interference. These steps resulted itemperature peaks in TaM, 15 could not be observed; the
lower overall background attenuation and scatter as comnscatter in the data was too great. The data of Fig) Bom
pared to our earlier work. Measurements on Jiy;sfrom 0.5 to 40 K were taken in a 1 T magnetic field, which has the
0.5 to 40 K were made using 3le cryostat at the National effect of decreasing the overall background attenuation in a
High Magnetic Field Laboratory at Los Alamos National metal?® This lowered background attenuation permitted the
Laboratory. Measurements on this sample were also made wbservation of the small peaks in Figl(bB As previously

Il. EXPERIMENTAL DETAILS

IlI. RESULTS AND DISCUSSION
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0.0006 1T T T T T This peak is well explained as #D) hopping between hexa-
I T gons ofg sites. The present article provides additional infor-
0.0005 - 1 mation about this peak for deuteriuii2) There is a peak at
—_ T low temperatures. This peak shows a large isotope effect. It
g 0.0004 | T appears at about 20 K for deuterium, but at abbu for
e hydrogen. Furthermore, this peak is much weaker for H as
3 0.0008 - ] compared to D. We will interpret these peaks as[H mo-
2 00002 L & ] tion within a hexagon o sites.(3) There is an intermediate-
g g temperature peak. This peak occurs at about 70 K for
E o001 L ] TaV,H, ;gand about 125 K for TayD, so. There is a hint of
> such a peak at about 80 K for Tal, ,;. Based on other
0.0000 L i work,"** we suggest that these peaks are due to an order-

disorder transition of HD) on the interstitial sites.
We now turn to a more detailed analysis and interpretation
Temperature (K) of the data. Hydrogen hopping has been studied by use of
FIG. 2. Expanded view of the low-temperature ultrasonic Iossultrasonlc attenuation in many systems. The motion of a hy-

for TaV,Dq 509. The dashed line represents a model of the data usin@rogen 'SOtOp‘? between r,]e'ghbon%g sites can lead to ultra-
Egs. (1), (3), (5), and(6) with a distribution of mobilization ener- 5°NIC attenuation. Anelastic relaxatforoccurs when nearby

gies. The solid line shows contributions from all the effects we havdNterstitial sites are affected differently by the applied ultra-
modeled. sonic stress causing the hydrogen to relocate to sites of lower
energy. When the applied ultrasonic frequency is comparable
to the hydrogen hopping rate, the net effect is dissipation of

r]t[he input energy. The ultrasonic lossQldue to anelastic
relaxation is given b¥?

0 20 40 60 80 100 120 140 160 180

reported, H-free Tay exhibited no rise in the ultrasonic at-

tenuation at low temperatures, remaining relatively consta

at about 410 ° up to 100 K, and increasing slightly from

this value with increasing temperature. 1 Ac w7g

Figures 1-3, in combination with previous wdrkindi- —=— >, D

cate several features for the ultrasonic attenuation in Q ¢ l+org

TaV,H(D)x. (1) There is a relatively large loss peak nearwhere Ac/c is often referred to as the relaxation strength,

room temperature for measurement frequencies near 1 MHz,/27 is the ultrasonic frequency, antk is the relaxation
time. The quantityAc is the difference between the unre-

0.00040 ———T——T T T 1] laxed (cy) and relaxed €g) elastic moduli;Ac=cy—cg.

& 000035 a g Tav,D,,, . An explicit expression for the relaxation strength can be cal-

= 0.00030 - culated for a two-level system, which is an appropriate de-

E 0.00025 L (@) 2 sgription of an intersti_tial atom such as hydrogen. occupying

S o0.00020 | ] either of two nearby sites. The energy splittiids given by

Q - J

‘£ 0.00015 [ - _o(E24 A2\1/2

§ 000010 [+ n ] . E Z(E_T.JFA )™ . _ @

£ oo0005 [ gl ] where Z is the tunnel splitting and R is the site asymme-

= qo0000 Lt 1 v, *”{EE,'U 1 try energy. Except at very low temperatures, it can be shown
0 20 40 60 80 100 that for this case the relaxation strength is of the following
— T T T T T 1 forrn:l8

0.00006 |- -

g 0.00005 | - Ac nI? s

1‘_(; 0.00004 | 4 . c kgTc’ @

8 000003 [ - wherel’ = gE/ de is the variation of the energy level splitting

g 0.00002 k ] with respect to the ultrasonic straio,is an elastic constant,

] s andn is the concentration of hydrogen atoms contributing to

£ 0.00001 |- 7 the attenuation.

S 0.00000 L ] For the large attenuation peak at higher temperature a
0 20 40 60 80 100 simple Arrhenius expression for the relaxation time,

Temperature (K) £
a
FIG. 3. Low-temperature ultrasonic loss f@ TaV,D,,; and "R™ 7RO exp( K)’ (4)

(b) TaV,H 15. The dotted line ina@) represents a model of the data

using Egs.(1), (3), (5), and(6) with a single mobilization energy. With activation energye,, can be used along with Eqel)
The dashed lines show fits using a Gaussian distribution of mobiliand (3) to fit the data satisfactorily as discussed previotsly.
zation energies. The solid line i) shows contributions from all The solid line in Fig. 1 is a fit to the high-temperature loss
the effects we have modeled. peak using Eqgs(l), (3), and (4). This description is valid
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over a range of measurement frequencies. Although not TABLE I|. Parameters of H(D) relaxation for TaVHg g,
shown in the figure, data for two different measurement fre-TaV;Dg.17, and Ta\iDg 0. T and o are the parameters derived
quencies were simultaneously fitted for this material. The fitising Eq.(5). A temperature-dependent mobile population offH
parameters werego=2.2X10 2 s andE,=0.26 eV. These atoms was used in Rlacg of the toFaI concentration, with a Qaussian
values are in good agreement with NMR res@ifhe fit also  distribution of mobilization energies centered &g with width
determinesnI'?/(kgc), a quantity related to the relaxation E,-

strength as shown in E¢3). Using measured values of the
aggregate shear modulus for the values fonI'?/kg were

o (9 To (K)  Eg(meV)  SEq (meV)

calculated. For th&=0.5 casen=1.03x10m 3, andc  Tav,H,,; 27x10°° 50 1.12 1.20
=78.4 GPa(the room temperature valyewere used. The Tav,D,,, 8.6X10°° 30 3.45 1.29
quantity nI'?/(kgc) was found to be linearly dependent on TaV,Dg 50 5.0 108 38 7.85 3.35

the concentratiom for the deuterated samples, as was found
for the hydrogenated caskThe linear dependence yields a
value of the deformation potentidl=0.17 eV for D in  centered on some mean energy valyg i.e., by integrating
TaV,, the same value previously reported for the hydrogeEq. (1) from 0 to infinity over a Gaussian distribution of
nated sample$. This linear dependence is an example of themobilization energies. The dashed line in Figa)3shows a
Snoek effect for HD) in intermetallic compoundd” is re-  fit using a Gaussian distribution with a mean valkg
lated to the response of interstitial sitesdifferenthexagons =3.45 meV and a Gaussian widibEy=1.29 meV. Simi-

to the applied ultrasonic strain. Therefore, it seems reasorarly, the dashed lines in Figs. 2 andb show fits to the
able that there is no isotope dependence IforNote that low-temperature peak using the same Gaussian distribution
1/Q max, Which is given bynI'?/2kgCTay, does notdepend  model. The parameters for these fits are given in Table I.

linearly on the concentration, althougil’?/kg does. This The intermediate-temperature peaks, attributed to an
difference is due to the strong concentration dependence afrder-disorder transition, give some contribution to the at-
the shear elastic constaft. tenuation in the region of the low-temperature peaks. In or-

In contrast to the high-temperature peaks, which are weltler to extract the parameters of the low-temperature motion,
described as classical Debye peaks with an Arrhenius-typa simple model for the order-disorder contribution is dis-
relaxation process, the low-temperature peaks behave quiteissed in what follows. The full lines in Figs. 2 antg
differently. Skripovet al? found that the relaxation time for show contributions from both the low-temperature motion
the low-temperature NMR spin-lattice relaxation data is reajust discussed and the order-disorder effect. Before discuss-
sonably well described by the expression ing the intermediate-temperature peaks, we make some re-

marks about the parameters used for the low-temperature
=T peaks. It has been supposed that the existence of the mobili-
L= TLo exr{ T_o) 4 zation energyE, results from some short-range order among
the H (D) atoms. The Gaussian distribution might approxi-
whereT, and 7o are fitting parameters. This expression hasmate a spread in the local configurations. For fitting the ul-
some justification from quantum diffusion theory, taking into trasonic data, the low-energy side of the Gaussian distribu-
account the effects of barrier fluctuatiotiswe have used tion is much more important than the high-energy side. The
this expression to model our low-temperature data. Not onlyeason for this is as follows. Hydrogen isotopes that are in
is the relaxation time non-Arrhenius, but the concentration configurations requiring higher mobilization energies will
of H (D) atoms contributing to the relaxation strength wasonly become mobile at high temperature. At these higher
found to be dependent on temperature. Evidence has beeemperatures, the kD) hopping rate will be so fast, i.e., the
given for a temperature-dependent mobile populatidine  relaxation time given by Eq(5) will be so short that the
suggested approach to the descriptionF) is based on the combined effect ofor (T) andn(T) will contribute little to
assumption of some energy gé&jg between the static and the ultrasonic attenuation. Neutron scattering experiments

mobile H (D) states. In this case, have been interpreted in terms of afil') that increases lin-
early at higher temperatures. It is possible that the actual
exp(—Eq/kgT) distribution of E is such as to give the observed rise in the
n(T)=no 1+exp —Eo/kgT)’ ®  ultrasonic attenuation at low temperatures, and the increase

in n(T) at higher temperatures needed to explain the neutron
wheren, is taken as the total kD) concentration. Indeed, a scattering experiments.
temperature-dependent population appears to be required to It is important to note that the conditianr, ~1 is never
describe our data. EquatioriS) and (6) with mobilization  met in the frequency range of our studgpproximately 1
energyE, can be used along with Eq4) and(3) to provide ~ MHz). In fact, om, ~10"2 at 1 K for TaVbHg 15 and o7
a reasonable fit to the low-temperature data for JIa)4-, ~0.03 at 15 K for TayDg 17. In the w7 <1 limit, the ul-
TaV,Hg 15, and TaVbDgs0. An application of this model is trasonic loss is given by Qen(T) w7 (T). As the tempera-
shown by the dotted line in Fig(&), where a single value of ture decreases(T) decreases, bubr,_ increases. These op-
E,=1.98 meV has been used in E@) to fit the data for posite trends are responsible for producing the peak in the
TaV,Dg 17. Consistently better agreement between the modedttenuation, not the conditionr ~ 1. Thus, the present re-
and the data was obtained by using a distribution of energiesults indicate that the rate of the H motion remains well
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above 1 MHz down to 1 K. This model gives only a weak temperaturel . Hence, we make no attempt to account for
dependence of peak position on measurement frequencthe contribution of the order-disorder transition to the ultra-
which is in accord with the experimental results. It would besonic loss above J. There seems to be no direct evidence
highly desirable to carry out ultrasonic attenuation experifor long-range order, such as superlattice lines, at the rela-
ments on this system at 10-100 MHz, which would be anijvely low H (D) concentrations of our experiments. How-
excellent test of the ideas presented here. ever, given the strong concentration dependence found for
Values ofTq and 7o for TaV,Dg 50 have b%en report8d  the superlattice lines, it seems that long-range order could
from NMR experiments as 38 K and>Gl0"" s, respec-  ayist with a low value of the order parameter at the lower
tively. These values were used to fit our data. The othegqncentrations. Another possibility is that the ordering at the

fitting parameters for the relaxation time in Ta.ble I'are inyq concentrations is short range. For short-range ordering
accord with the NMR data. The trends in relaxation time as Fhe expression for the relaxation time would be slightly dif-

function_ of isotope and of concentration are in good agrees, i from that given above. In any case, we have used Eq
ment with what has been found for other concentrations a{7) with 702 (Te—T) " to obt.ain a qualitat}ve model of our '
higher temperatures®2* namely, the H(D) hopping rate is . 'C\IC . i .
faster for lower concentrations and at least an order of magqata’ in order to takg mtp account_ the contribution from this
peak to the attenuation in the region of the low-temperature

nitude faster for H than D for a similar concentration. ot S
From the fit of the data to the theoretical expressions, th@&ak. The solid lines in Figs. 2 andb$ show the results

quantity noI'2, /kg is determined, wher& , is related to  [7om adding Eq(7) to the low-temperature modéhdicated
the response of different interstitial sitedthin a hexagon to  PY the dashed line which was discussed previously. The
the applied strain. Assuming that the quantityis the total ~ fiting parametersty, Tc, and B for TaV,Doso were 2.4
concentration of interstitial HD) atoms, an estimate of <10 °s, 140 K, and &10°° respectively, and for
T ow=0.1 eV is found for the low-temperature motion for all TaVoHo1s, 9.3x107"'s, 74 K, and & 10" °, respectively.
three cases studigéfigs. 2 and R It is remarkable that the The amplitude of the order-disorder peak for & s, is
same value is found for all three cases and indicates a certagpproximately 410~ %, an order of magnitude larger than
self-consistency of the approach. It is reasonable to expethe peak for TayHg 15. Assuming the amplitude should be
this value to be isotope independent, and to differ somewhatpughly isotope independent, the transition peak in
but not drastically, from the value df found for the re- TaV,H,,s would indicate that an ordering transition in
sponse of sites odifferenthexagong0.17 eV). TaV,Dg 7 would have an amplitude of approximately 5
We now take a more detailed, yet somewhat qualitativex 10-°. A feature with this amplitude would be virtually lost
look at the contribution to the ultrasonic loss for each matejn, the tail of the low-temperature loss peak for this isotope as
rial from the intermediate-temperature peaks, which we congicated in Fig. 8), but is consistent with the bump in the
sider to be due to an ordering transition. The intent is not tqQ,|+-asonic loss around 80 K in the Tall, ,, data.
provide an accurate description of this effect, but to provide In general, the interpretation of the ultrasonic data is in

an approximate description so as to be able to extract thSccord with the parameters and trends found for the NMR

parameters of the local motion giving rise to the IOWT experiments, with one exception. Nuclear spin-lattice relax-

temperature peak. If we take the small rise at about 80 K in_. !

TaV,Dg 17 as an indication of such a peak, then a number o tion measurements onfV in TaV,H(D), have found a

features of these peaks are in accord with heat capaeiyl stronger relaxation for D as compared to H for the same
concentration of the two isotop@sThis result has been

neutron scattering studies of the order-disorder transition in , :
TaV,H(D), at higher concentrationgl) For equal concen- interpreted as meaning that a larger fraction of the D atoms

trations the transition temperature is higher for D than for H.Participate in the local motion as compared to H at the tem-
(2) For a given isotope the transition temperature increaseReratures of the measurements00 K). The present ultra-
with increasing H(D) concentration(3) For equal concen- SOnic measurements at lower temperatures are in disagree-
trations the magnitude of the effect does not depend stronglfnent with this interpretation. The ultrasonic results were fit
on the isotope(4) For a given isotope the intensities of the using a mobilization energy for H that is lower than for D.
superlattice lines indicating the long-range ordering “areThe result is that the population of mobile H is larger than
found to increase rapidly with increasing” 12 This strong  for D in the temperature range of our measurements. In gen-
increase is in accord with the fact that the peak at about 126ral, neutron scattering, NMR, and ultrasound results all re-
K'in Fig. 2 is much stronger than any possible peak at aboutjuire a temperature-dependent and possibly isotope-
80 K in Fig. 3a). dependent population of mobile D) atoms to explain the
For long-range ordering below the transition temperatureresults. These three experimental probes tend to have maxi-
Tc., the relaxation of the order parameter is describéd#y mum sensitivity to the HD) motion in different frequency

the relaxation timerc=to/(Tc—T), in the expression and temperature ranges. It may be that @.just provides
a convenient means to describe a temperature-dependent
i_ wTC 7 population of H(D) atoms. The actual population may have
Q 1+ wZT%’ @) a more complicated dependence on temperatarg iso-

tope, especially if it is related to the order-disorder transi-
wherety, andB are fitting parameters and/27 is the ultra-  tion. The origin of the temperature-dependent population re-
sonic frequency. This model applies only below the orderingnains unclear.
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IV. CONCLUSIONS centrations. Within experimental error the same value of

Ultrasonic techniques were used to study hydrogen mo—r"’W:O'1 eV was found for the low-temperature motion for

Lo 2 all three materials.
tion in TaVoHo 15, TaV,Do.17and Ta\,Do o, providing fur- Previously undetected attenuation peaks were observed
ther details concerning the peculiar dynamics of hydrogen i

. . ! d attributed to an order-disorder transition of the(lJ
Laves-phase materials. The magnlitude of the UIFra.S.On'C Iosgtoms among the interstitial sites. These peaks provide ex-
for the hexagon to hexagon hopping, the rate-limiting StGpperimental evidence for an earlier suggestion that the

I?a:t:gzg;:r\]/\?;sdlf:g\?ilgﬂlslw ?S fognfd t%bﬁ_rl:near n Dé;gn?en'temperature—dependent mobile population is related to order-

! pre y found for M. The parametaie ing. The main contribution of the present paper is to provide
scribing the coupling betweeg sites and strain had the urther evidence for the unusual motion of (®) at low
value 0.17 eV for both isotopes. The relaxation rate exmbiteéemperatures in the Laves-phase material JJaxhd to show

2”?;%'&8'_?2‘:); erzggitor??gr tpvs?}E);N ﬁ(l)l ﬂﬁscﬁgzd by AMhat this motion seems to be dominated by quantum effects.
b P ppIng ' %imilar effects probably hold for other Laves-ph#s®, ma-

In marked contrast to these high-temperature peaks, much . . .
erials and perhaps rare-earth materials as well. A consistent
weaker peaks were observed at lower temperatures that ex: .
S ; . icture was used to describe the present results. Unanswered
hibited totally nonclassical behavior. These peaks were ai questions include the nature of the mobilgB) population
tributed to motion within a hexagon gfsites. The relaxation q bop '

rate was satisfactorily described by a nonclassical expresa—nd the reason for the apparent disagreement between the

sion, similar to the results from a barrier fluctuation model inpresent ultrasomch mfeasgrem?nts and previous NMR.mea—
the theory of quantum tunneling. The parameters used tsurements as to the fraction of () atoms participating in

describe the relaxation rate for T, 5o Wwere the same as the local motion.
those used to describe NMR spin-lattice relaxation measure-

ments at higher temperatures on the same material. The re-

laxation rate for TayDg 17 Was somewhat faster than that for ~ The work at Colorado State University was supported by
TaV,Dg 50, in agreement with the concentration dependencehe U.S. National Science Foundation under Grant No.
found from NMR experiments. Also in qualitative agreementDMR-0070808. The work at the Institute of Metal Physics in
with NMR measurements, the relaxation rate for H was oveEkaterinburg was partially supported by the Russian Foun-
an order of magnitude faster than that for D for similar con-dation for Basic Researqi@Grant No. 03-02-16063
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