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Ultrasonic evidence for strong isotope effects on the local motion of (®) in TaV,H(D),
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Ultrasonic measurements were performed on @& Laves-phase compounds T#l g and TabDg 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 interpretéD)asoplping 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 Ta\bH, ;gand Ta\bDg 47 results at high temperatures, the low-temperature behavior of the two
materials differed substantially. A weak loss peak was observed iBDigy at low temperatures. This peak
was attributed to the local motion withipsite 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 TajH, ;g 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,hly Ta¥é that the local
motion occurs at a rate much higher than that of the ultrasonic frequend@yMHz) throughout the tempera-
ture range explored.
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[. INTRODUCTION of the coupling mechanism. Furthermore, mechanical spec-
troscopy can explore a much lower frequency range than the
A number of studies have shown unusual features for thether techniques. Because the motion is usually temperature
motion of hydrogen isotopes 615 Laves-phase materials. dependent, the lower frequencies essentially permit the study
Nuclear magnetic resonan@¥MR) and quasielastic neutron Of a different temperature range. As a result, it is possible
scattering(QENS experiments give strong evidence for two that ultrasonic measurements at relatively low frequencies
frequency scales of the(B) hopping rate among interstitial May reveal two attenuation peaks well separated in tempera-
sites in these materials® Hydrogen isotopes occupy the in- ture due to the two types of motion.
terstitial g sites in these compoundghese sites forming a A series of studiéshave shown a strong correlation be-
series of linked hexagons. Theg distance for neighboring tween the parameters of the two jump processes and the two
g siteswithin the same hexagom,, is usually shorter than g-g distances; andr,. In comparison to a number &15
the g-g distance forg sites ondifferenthexagons,. The Laves-phase compounds the ratip/r, is least for Tay,
present experimental evidence indicates that the slower, rat@hile the ratio of the fast jump rate to the slow jump rate is
limiting step for long-range diffusion involves (B) hops  greatest in this compourtdvieasurements of the temperature
between hexagons, while the faster, local motion involveslependence of the nuclear spin-lattice relaxation rates for
hops within the same hexagon. There is much that is notH, 2D, and %V in TaV,H(D), showed two overlapping
understood about this local motion. Only a small fraction ofmaxima due to KD) motion, with the maximum at lower
H(D) atoms participates in the local motion, and this fractiontemperature being attributed to the local motion. While the
appears to be both isotope and temperature dependent. Thérigh-temperature motion exhibited Arrhenius behavior, the
are similarities to the situation in the rare-earth metals wheréower-temperature motion was strongly non-Arrhenius. The
there are at least two frequency scales of motion, and when@easurements of the spin-lattice relaxation®8¢ due to
there is NMR evidence for a local motion in which only an quadrupolar interactions with the moving H and D atoms
isotope-dependent fraction of the(IB) atoms participaté®  revealed isotope effecfsThe results indicated that the local
NMR and QENS have been the primary techniques used tmotion (and indeed long-range motipof D was somewhat
study dynamics of kD) in the Laves-phase materials, al- slower than that of H for a given concentration and tempera-
though a preliminary ultrasonic experim&ngave evidence ture. More striking, however, was the fact that fi¥ relax-
for an isotope effect in the local motion. Ultrasonic methods ation rate due to D was considerably greater than that due to
and mechanical spectroscopy in general, are especially well. This effect was interpreted as the fraction of D atoms
suited for studying isotope effects in that the coupling be-participating in the local motion being about three times that
tween the ultrasound and thg®) atoms is not sensitive to of H, both fractions increasing with temperature.
isotope mass, cross section, or spin, so that the measured The present paper reports ultrasonic attenuation and elas-
isotope effects reflect the motion of the isotopes, independenic constant measurements of Tal 15 and Ta\bDg 17 over
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the temperature range 3—345 K. These measurements in th T T T T T T . .
1-MHz frequency range reveal a large attenuation peak in o777 o
both Ta\LtH, .5 and Ta\Dg,7 Which is associated with 0.008 [ sommor  n 1 s, 1
hexagon to hexagon hopping of H and D atoms, respectively. [ omesr T 1 e
For the case of Ta)Dy 7 a second, much weaker peak is omer [* . 1 5. R
observed at low temperatures that is well separated from theg 0.006 [ oooes- » . 1 e ' T
high-temperature peak. No such low-temperature peak isy, | oy ] s
found in Ta\bH, 15 indicating a strong isotope effect. § 0008 R N A
% R R R
Il. EXPERIMENTAL DETAILS g ® . s .

Polycrystalline ingots of TaYwere prepared by arc melt- S 0002 - _;__Egz;:ﬁ: . E
ing appropriate mixtures of the high-purity constituent ele- L ) A"_-' AAMA:' ;
ments in an argon atmosphere followed by various annealing PR oo
procedures. The Tgvmaterial was then loaded with H or D 0.000 @ L '.'”T”f”..\ e ]
to obtain Ta\lHg 15 or TaV,Dg 47 in @ manner described 0 50 100 150 200 250 300 350
previously! Resonant ultrasound spectrosctpy* (RUS) Temperature (K)

was used to measure the ultrasonic loss and elastic constants.

With the RUS technique, piezoelectric transducers are used FIG. 1. Ultrasonic loss vs temperature in &l 1s TaVoDo.17,

to excite a large number of the lowest-frequency vibrationaPnd Ta\ over the range 3-345 K. The ultrasonic frequency was
eigenmodes in samples of well-defined shapes, such as re@Proximately 1 MHz for all modes shown.

angular parallelepipeds. Samples were prepared by cuttinggicate a small isotope effect for the(B) hopping rate; the
approximate parallelepipeds from the button ingots using &eay for TayiD, ,, clearly occurs at higher temperatures for
low-speed diamond saw. These were then hand polished inlg, 5y imately the same measurement frequency. This indi-
accurate rectangular parallelepipeds suitable for the u“rac'ates that the D hexagon-to-hexagon hopping rate is some-

sonic measurements. The room-temperature sample edge ¢inat lower than that for H, a result consistent with the NMR
mensions of TayHg 1 and Ta\bDg 17 were 0.210%0.1681  jeasurement.

> 0.1903 and 0.12150.1697x0.1072 cm with masses of More important, there is a small loss peak at low tempera-

65.6 and 21.6 mg, respectively. Either lead zirconate titanatg, e for D but no such peak is observed for By compari-
(PZT) or lithium niobate compressional-mode transducersyop, with the NMR results, this low-temperature peak is as-
were used to excite and detect the mechanical resonanceg)ciated with the rapid, local motion. The results
Measurements below room temperature were made Using ;g mediately indicate a large isotope effect for the local mo-
commercial cryostat and temperature controller, with tmsion Figure 2 shows in more detail the low-temperature loss
perature resolution of-0.1 K. These megsurements Were neaks in TayDy 4, for four measurement frequencies. The
made in a low vacuuni~3 mm of Hg environment of he-  peaks shift slightly to higher temperatures for higher mea-
lium gas. Measurements above room temperature were madgrement frequencies. Neither the high-temperature peak nor

at atmospheric pressure using a commercial oven and teng;e low-temperature peak was observed in th@®)ree
perature controller. From measurements of the resonant fr‘?ﬁaterial, which had a low-level, almost temperature-
guencies, with the sample dimensions, density, and CrySt"i‘rl)dependent attenuation.

structure known, the full elastic modulus tensor can be de-

termined. The ultrasonic attenuation is found by measuring 0.00040 T T T T T
the quality factorQ of the resonant line shapes. The ultra- ' I R TaV,D

27017
sonic loss is then given simply as@/ 0.00035

& 0.00030
IIl. RESULTS AND DISCUSSION =

-

f=3.03591 MHz
f=1.57712 MHz -
f=0.95419 MHz
f=0.71798 MHz

0.00025

Loss (

Figure 1 shows the ultrasonic loss versus temperature$
over the range 3—345 K for Tg¥, 15 and Ta\bDgy 17 The
frequencies of the modes are 1.058 and 1.149 MHz for
TaV,H, 1gand TaVuDg 17 respectively. These peaks each de-
pend solely on the aggregate shear elastic constant, not o
the bulk modulus. Several features are immediately apparent
A large loss peak centered near 250—275 K is observed foI 00005
both compounds. As will be discussed in more detail, these . PP S— pos pos v
peaks are associated with ) hopping between hexagons, Temperature (K)
the relatively slow, rate-limiting motion responsible for long-
range diffusion. The two peaks are of nearly equal amplitude, FIG. 2. Expanded view of the low-temperature ultrasonic loss
indicating that the coupling of the (B) motion to the ultra-  peak in of TayDy ;5 for four vibrational modes. The solid lines are
sound depends little, if any, on the isotope. The peaks dguides to the eye and do not represent theoretical fits to the data.

ic
[od
o
=1
=1
N
=]
T

0.00015

Ultrasoni

0.00010

214302-2



ULTRASONIC EVIDENCE FOR STRONG ISOTOPE.. .. PISYCAL REVIEW B 64 214302

nor——r———71T 77 T T T T AE=2(E-2|-+A2)1/2, (2)

S = Tav,D where ZE+ is the tunnel splitting and R is the difference in
" . s TaV.H | site energy(asymmetry. For this case it can be shown that
.. the relaxation strength is of the form

l. 2
605 . Ac ny

=——5
" c kgTc

R PRV R 1 wheren is the concentration of hydrogen atoms contributing

to the attenuationy=d(AE)/de is the variation of the en-
s ergy level splitting with respect to the ultrasonic strajrand
a ] c is an elastic constant. The formalism may be used even
s when the tunneling matrix elemeifii; is negligible. It is
. usually assumed that the variation AE with respect to
S e strain is due to the strain dependencédphotE+. It is seen
6 1 20 3 4 50 60 70 & 90 that for y to be nonzero, the two nearby interstitial sites must
Temperature (K) respond differently to strain; in other words, they are in-
equivalent. Except at very low temperatures it is usually the
case thakgT>AE and the secdfiAE/kgT] term approaches
unity. In the present study it was found that the data for the
high-temperature peaks could be fitted satisfactorily with Eq.

Figure 3 shows the aggregate elastic shear mod@us, ) . . .
. .+ (3) using this assumption. Figure$ajt and 4b) show more
for these polycrystalline samples. Although a more deta"e%ttenuation data for the high-temperature peaks, for both

account of TayH, modulus measurements has been pub- e . )
lished elsewher&®the important point to notice in Fig. 3 compounds, along with fits using thermally activated hop-

: : ing for 7. For Ta\,Dg 17 the data for two different mea-
is that the temperature dependenceCotlearly differs for P! . - i
the two isotopes. The shear modulus of Jly,s deviates surement frequencigd..1490 and 2.2626 MHzwere fitted

from an approximately linear temperature dependence below>""9 the simple expression

about 20 K, but this does not happen for T8y~ Due to

uncertainties in sample dimensions and density, the absolute

error inG is about 1%; thus the difference in absolute Va"JeSgiving 7 andE, as 6.0< 10 13s and 0.29 eV, respectively
0 ! '

of the shear modulus for the two materials is just marginally.l.he solid lines in Fig. @) are fits using these parameters.

outside experimental error. The error in the temperature del—_ ; .
. . ; . he agreement between experiment and theory is clearly
pendence is much smaller and is essentially given by the

seatter in the data wih the NMR results at higher temperatures and concontra-
We now turn to a more detailed analysis of the data. Th 9 P

. - 2 .
hopping of hydrogen between nearby interstitial sites ha lons. Skripovet al.” found 0.26 eV for TayDys in the

been studied in many systems by means of mechanical spe ggaf‘gg'gn;?ge'e\{l\/h'!fh tt?]i dg:;a]\ef(;r 1}%*2&? CT?UIZ bf?) nd
troscopy (i.e., internal friction, ultrasonic attenuation, ; S y Well Wi N PP It was fou

. . i that a consistently better fit was found by taking the hoppin
etc).1’~26 Anelastic relaxatiof occurs in cases where y y 9 pPing

. o . [ate for H as the sum of two Arrhenius rates,
nearby interstitial sites are affected differently by an externa
stress, leading to a redistribution of the hydrogen occupancy _
of the sites. If the redistribution rate is comparable to the TRI= rgoll exr{
frequency of the applied stress, mechanical-energy dissipa-

tion oceurs. The ultrasonic lossQ/due to relaxation is  Figure 4b) shows the fit of the data for Ta¥, .5 for four
given by different measurement frequencié®8-1.4 MH2. The re-

1 Ac wr sults of the fit gave (9810 13s,0.27eV) and (6.0

_:_%, 1) x 10 °s, 0.12eV) for fropEa) and (rr,Eaz), respec-

Q ¢ ltw'ryg tively. We follow the interpretation of Reret al3'*?associ-
where Ac/c is often referred to as the relaxation strength,@ing process 1 with phonon-assisted tunneling through an
w27 is the ultrasonic frequency, antk is the relaxation excited state and process 2 with phonon—assste_d tunneling
time. The quantityAc is the difference between the unre- P€tween ground states. The attempt frquelnmes for the
laxed (€,) and relaxed ¢g) elastic moduli:Ac=c,—cg. higher activation energy process areg ~(1-2)

An explicit expression for the relaxation strength can be cal-x 10'?s™%, which are much lower than the typicalB) vi-
culated for simple systems. An interstitial atom such as hybration frequenci€s of vy p~(2-4)x10%s™ % however,
drogen, which may occupy either of two nearby interstitialthese attempt frequencies are closer to the Debye frequency,
sites, can be described as a two-level system. The energyhich we estimate asp~6X 10*?s™* for TaV,. The theory
splitting AE is given by of quantum diffusiod** indicates thatz-,gol1 should be of the

()

A\
A\

A\
AN

Shear Modulus (GPa)

FIG. 3. Elastic shear moduly€§) for polycrystalline Ta\Hg 15
and Ta\Dg 47 in a range 3-90 K.

TR™ ’TRO quEa/kBT), (4)

. (5)
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0.009 - T y ; g ; y T y T conclusion is in agreement with the NMR results obtained at
0,008 i TaV.D ] higher temperatures. The broad, asymmetric loss peak could
Lo f=1.1490MHz 27047 | no doubt be fitted with a distribution of activation energies,
ooor [+ F=22626 MHz . but there seems little justification for such an approach, es-
0.006 i ] pecially given that the high-temperature peak requires only a
@ single activation energy. In fact, the NMR results are also
= 0,005 - . inconsistent with a broad distribution of frequencies of the
@ 0004 ] localized motion. Skripowet al? were able to fit the low-
| temperature spin-lattice relaxation with an expressign
'S 0003 - =1 0 eXp(=T/Ty) for the hopping time at low temperatures,
@ I whereT, and 7o are fitting parameters. Such an expression
5 0002 - ] has some justification from the theory of quantum
0001 N diffusion® Using this expression for the relaxation time in
Eqg. (1), good fits to the low-temperature peaks were
0.000 . . . . . . . . ] achieved for eaclparticular frequency. However, this ex-
150 200 250 200 350 pression cannot successfully account for the shift of the
Temperature (K) peaks with mea;uriqg frequency. ' .
: . : i : . : . : Further complicating the attempt to give a theoretical de-
0.010 |- . . scription of the low-temperature peak is the fact that NMR
ooos L ° f=0.8120MHz ) TaV,H .. ] and QENS results indicated that only a fraction of the D
v f=1.0425 MHz atoms participate in the local motion, and that this fraction is
0008 & f=12153MHz .

temperature dependent. As a result, the temperature depen-

g 0007 f=1.4119 MHz ] dence of the relaxation strengthc/c is not clear at this
= 0.006 L 1 point. However, certain observations are possible. Clearly,
@ A the low-temperature peak is much weaker than the high-
S o005 . temperature peak. To proceed further we assume that the
2 ooal i relaxation strength varies asy?/T where nown is the con-
§ 0008 centration of participating D atoms. Furthermore, for a crude
= | ] estimate we assume that is the same for the high-
> 0002 - temperature and low-temperature peaks. This assumption
0.001 L ] may be reasonable becaugsites are apparently involved in
i both cases.
0000 = Comparing the peak heights at 250 and 20 K leads to an
150 200 250 300 350 estimate ofn;=3x10 °n,, wheren, and n,, refer to the
Temperature (K) concentration of D atoms participating in the low- and high-

temperature peaks, respectively. Assuming that essentially all

FIG. 4. Expanded view of the high-temperature ultrasonic losshe D atoms contribute to the high-temperature peak it is
peaksi(@) TaV,Dq 47 The solid lines represent theoretical fits to the estimated that only 0.3% of D atoms participate in the local
data using Eqs(1), (3), and (4). (b) TaV,Ho 1 The solid lines  motion at 20 K. Skripowet al® estimated the fraction of H
represent theoretical fits to the data using Eds.(3), and(5). atoms participating in the local motion by QENS measure-

ments over the temperature range 80—300 K. Extrapolating

order of the Debye frequency. This theory also accounts in geir results for TayH, s down to 20 K gives 3.7% as the
natural way for the absence of process 2 for D. Tunnelingarticipating concentration of H. However, NMR
between ground states is expected to be especially sensitiveeasurementsat much higher temperatures indicated that
to the mass of the tunneling particle; process 2 may be suphe fraction of D atoms participating in the local motion is
pressed for D due to the larger mass. The slightly higheabout three times that of H. Thus, the QENS and NMR re-
value ofEQ as compared tEQ‘l is in agreement with Skripov  sults at higher temperatures extrapolated to 20 K give an
et al,> who found a slightly higher activation energy for D as estimate of about 10% participating D. This is much larger
compared to H for comparable concentrations. than our estimate of 0.3%. This disagreement may indicate

In contrast to the high-temperature peak in JBY;-, that the extrapolation is invalid, or that one of the assump-
which is well described with an Arrhenius-type process, theions aboutAc/c is incorrect. Also, the QENS and NMR
low-temperature peak behaves quite differently. An activameasurements were at highefy concentrations than the
tion energy of~10 meV would be required to describe the present measurements.
shift of the peaks with the ultrasonic measurement frequency The most remarkable feature of the present results is the
and also to reconcile the present results with the earlier NMRibsence of a low-temperature peak for the hydrogen-
results. However, an activation energy of this value givesontaining material. There are at least two possibilities for
loss peaks that are too narrow, and have the wrong shape, tiois absence. First, the number of participating H atoms may
describe the actual data. Thus, it seems that a simple Arrhelbe too low to result in an observable peak. However, if the
ius process will not describe the low-temperature peak; thisactor of 3 found from NMR measurements holds for the
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present case a low-temperature peak should be observadterpreted as D) hopping betweerg-site hexagons, the
Figure 1 indicates that a peak approximately a factor of 1Gmotion responsible for long-range diffusion. This motion ex-
weaker than that found for D would just be observable. Sechibited a small isotope effect with the H hopping rate being
ond, it may be that the local motion remains at a rate welsomewhat faster than that for D. The activation energies and
above the ultrasonic frequency even dowrBtK sothat the  attempt frequencies were in good agreement with earlier
conditionwmg<<1 holds throughout the temperature range ofmeasurements. In contrast to the similarity of the Fdy/,s

the measurements. This high value of the local relaxatiomnd Ta\Dg,; results at high temperatures, the low-
rate is consistent with the NMR measurements. Some supgemperature behavior of the two materials differed substan-
port for this second viewpoint is also found from the modu-tially. A weak loss peak was observed in Td{ 7 at low

lus measurements. Tunneling motion can lead to a resonatémperatures. This peak was attributed to the local motion
decrease in the sound velocity at low temperatétésin  within g-site hexagons previously explored by NMR and
brief, H would be expected to have a larger tunneling matrixQENS experiments. The rate for this motion is several orders
element than D due to the mass difference. The differenbf magnitude faster than that of the high-temperature peak.
temperature dependencies for the shear modulus dfio evidence of a low-temperature loss peak was found for
TaV,Hg 1 and Ta\bDg 17 could be due to the onset of the TaV,H, 5 This strong isotope effect suggests that the local
resonant process for H as the temperature is lowered. Thumotion is highly dominated by quantum effects. The most
rapid tunneling by H could account for both the absence of dikely reason for the absence of an attenuation peak in
low-temperature peak for kthe relaxation rate remains well TaV,H, ;g is that the local motion occurs at a rate much
above the ultrasonic frequencgnd the different temperature higher than that of the ultrasonic frequen¢y1 MHz)
dependencies for the moduli. This downturn depends on botthroughout the temperature range explof@awn to 3 K. To

the tunneling matrix element and any asymmetries that existxplore these ideas further, future experiments at lower tem-
among the interstitial sites. The present data are insufficiengeratures and higher H concentrations are planned.

to determine these parameters. Experiments at lower tem-

peratures are planned to obtain more data and test this idea.
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