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Resonant ultrasound spectroscopy has been used to investigate ultrasonic attenuation in single crystals
of Sc, ScHy ,s, and ScDy ;3 over the temperature range of 10-300 K for frequencies near 1 MHz.
Ultrasonic-attenuation peaks were observed in the samples containing H or D with the maximum at-
tenuation occurring near 25 K for ScHj ,5 and near 50 K for ScD, ;3. The general features of the data
suggest that the motion reflected in the ultrasonic attenuation is closely related to the low-temperature
motion seen in nulcear-magnetic-resonance spin-lattice-relaxation measurements. The ultrasonic results
were fit with a two-level-system (TLS) model involving tunneling between highly asymmetric sites. The
relaxation of the TLS was found to consist of two parts: a weakly temperature-dependent part, probably
due to coupling to electrons; and, a much more strongly temperature-dependent part, attributed to
multiple-phonon processes. The strongly temperature-dependent part was almost two orders of magni-
tude faster in ScHj ,s than in ScDy i3, in accordance with the idea that tunneling is involved in the
motion. Surprisingly, the weakly temperature-dependent part was found to be about the same for the
two isotopes. The asymmetries primarily responsible for coupling the TLS to the ultrasound are attri-
buted to interactions between hydrogen ions that lie on adjacent ¢ axes. The results are consistent with
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an isotope-independent strength for the coupling of the TLS to the ultrasound.

I. INTRODUCTION

Features of the rare-earth—metal-hydrogen systems
RH(D), (R =Sc,Y,Ho,Er,Tm,Lu) have attracted much
attention. In marked contrast to most metal-hydrogen
systems, H and D are not precipitated into a hydride
phase as the temperature is lowered, but remain in solid
solution,! even for x as high as 0.2-0.3. It has been es-
tablished? that hydrogen ions occupy the tetrahedral (7))
sites in the hcp metal lattice with little or no occupancy
of the octahedral (O) sites. Ordering of the hydrogen on
the interstitial sites occurs as the temperature is lowered.
Hydrogen (deuterium) pairs are formed which involve oc-
cupancy of the second-nearest-neighbor T sites along the
¢ axis with a bridging metal atom in a H-R-H
configuration. The pairs form chains®>* along the ¢ axis
with some correlation>® between chains. These features
are illustrated in Fig. 1. Figure 1(a) shows the hcp crystal
structure, and the axis of symmetry indicates one of the
lines of tetrahedral sites. Similar lines, of course, pass
through each metal atom. Figure 1(b) shows a cross sec-
tion of the hcp lattice parallel to the ¢ axis. A pair of oc-
cupied T sites with a bridging metal atom is illustrated in
Fig. 1(b) by sites 1 and 2. The two closely spaced T sites
such as 3 and 4 are not simultaneously occupied. Finally,
Fig. 1(c) depicts the chainlike ordering of pairs along the
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¢ axis, which has been proposed to account for neutron-
scattering results.*’

The dynamical properties of these materials have been
investigated using various experimental techniques.
Neutron-scattering measurements®° show that hydrogen
in the T sites vibrates in a highly anisotropic and anhar-
monic potential. Diffusive motion involves both a long-
range and a local motion. The relatively slow, rate-
limiting, motion responsible for long-range diffusion'®™ 12
involves T-O-T jumps, labeled I in Fig. 1(b), with an ac-
tivation energy of approximately 0.6 eV. A motion with
approximately the same activation energy has been ob-
served in low-frequency internal friction measurements. '3
Whereas the long-range motion appears to be well under-
stood, the local motion 1is somewhat puzzling.
Quasielastic-neutron-scattering (QNS) experiments show
a very fast local motion between nearest-neighbor 7T sites
in YH, (Ref. 14) and ScH, (Ref. 15), labeled II in Fig.
1(b). NMR proton-spin-lattice-relaxation measure-
ments'® in ScH, and YH, indicate a fast local motion,
also assumed to involve jumps between nearest-neighbor
T sites lying along the ¢ axis. The relation between the
two types of local motion is unclear; they occur over the
same temperature range, but the QNS-derived rates are
at least 100 times faster than the NMR-derived rates.
The temperature dependence of the two rates is also quite
different.
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A theoretical attempt has been made to reconcile the
two very different results for local motion with a model
involving tunneling between nearest-neighbor T sites with
a wide range of asymmetries which strongly influences
the tunneling transition rates.!” Tunneling of H trapped
near O has also been invoked!® to explain acoustic mea-
surements on YO, H,. An excellent test for tunneling is
to measure its isotope dependence, since the tunneling
matrix element depends strongly on the mass of the tun-
neling entity. Unfortunately, NMR experiments are
strongly influenced by the electric quadrupole moment of
deuterium, and neutron scattering also differs markedly
for the two isotopes. Ultrasound responds in the same
way to the different isotopes and thus is an excellent tool
to study such effects.’®”2! In addition, ultrasonic experi-
ments on single crystals have the potential for yielding in-
formation about the H-H interactions responsible for the
attenuation peaks. In view of these considerations, we
decided to perform ultrasonic measurements on ScH,
and ScD,. A preliminary account of these measurements
has been given elsewhere.??
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FIG. 1. (a) Crystal structure of a-phase ScH(D), showing
hcp metal atoms and one line of tetrahedral sites. Similar lines
pass through each metal atom. (b) Cross section of the ScCH(D),
lattice. Hydrogen sites and jump processes are described in the
text. (c) Chainlike structure proposed to explain neutron-
scattering results.
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II. EXPERIMENTAL DETAILS

Scandium single crystals were grown at the Ames Lab-
oratory, Iowa State University. Rectangular paral-
lelepipeds, =2 mm on an edge, were cut from larger
single-crystal samples wusing an electric discharge
machine. Hydrogen or deuterium was loaded from the
gas phase as described in Ref. 9, and the amount ab-
sorbed was determined by the weight gain. Results are
reported below on three samples: Sc, ScDg 3, and

ScHy ,5. The room-temperature dimensions of these
three samples in mm were, respectively, 1.80
X1.89X2.36, 1.51X1.77X2.00, and 1.59X1.80

X1.97. In each case one axis of the parallelpiped lay
along the crystalline ¢ axis to within 0.5°. For the Sc
sample the short axis of the parallelepiped was along the
¢ axis, while for the other two samples the long axis of
the parallelepiped was along the ¢ axis. Because a crystal
of hexagonal symmetry is elastically isotropic in the basal
plane, the orientations of the other crystalline axes rela-
tive to the parallelepiped were not determined.

Resonant ultrasound spectroscopy®’ was used to mea-
sure the ultrasonic attenuation. With this technique a
single-crystal rectangular-parallelepiped sample is placed
corner to corner between two piezoelectric transducers;
one transducer is used for the generation and the other
for the detection of ultrasonic vibrations. By sweeping
the excitation frequency, a large number of the lowest-
frequency vibrational eigenmodes of the sample can be
measured at a constant temperature. As an illustration, a
segment of the frequency spectrum for a ScD ;3 single-
crystal parallelepiped is shown in Fig. 2. From such a
spectrum of eigenfrequencies, a complete set of elastic
constants can be determined. For each of the samples,
we have identified about 30 of the lowest-frequency eigen-
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FIG. 2. Section of a resonant ultrasound frequency spectrum
of a single-crystal ScD, parallelepiped showing several vibra-
tional eigenmodes. The widths of many such eigenmodes were
measured as a function of temperature to derive the ultrasonic
loss.
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modes by fitting our measured frequencies to a set of elas-
tic constants using the method described by Visscher
et al.?* In general, each of the vibrational eigenmodes
depends on a combination of elastic constants. However,
the lowest eigenfrequency and a few of the higher eigen-
frequencies depend on only one or two elastic constants.
This fact enables us to obtain a rather accurate descrip-
tion of the temperature dependence of some of the elastic
constants by simply measuring the temperature depen-
dence of a selected number of eigenfrequencies. In addi-
tion, the ultrasonic attenuation associated with such
eigenfrequencies is obtained from these measurements.
In the present study the emphasis is on the temperature
dependence of the ultrasonic loss, which is obtained from
the inverse of the Q of the eigenmodes. Those modes
which depend on only one or two elastic constants are
particularly useful for making a microscopic interpreta-
tion of the phenomena responsible for the ultrasonic loss.

III. RESULTS

Figure 3 shows results for the ultrasonic loss 1/Q for
two different vibrational eigenmodes in ScDg ;3. Our
analysis shows that the two modes of Fig. 3 depend only
on the shear elastic constants C,, and Cgg; that is, the
derivative of the computed eigenfrequency with respect
to the elastic constants is zero for the other three elastic
constants. Further, the lower-frequency mode, at 0.73
MHz, is almost pure C,4; the dependence of the higher-
frequency mode, at 1.01 MHz, on elastic constants is
weighted about 40% C,, and 60% Cgs. There are three
main features shown in Fig. 3. First, there is some evi-
dence of an ultrasonic-attenuation anomaly near 170 K,
in the temperature range where resistance anomalies have
been observed and associated with hydrogen ordering.?
The attenuation anomalies in this temperature range
were found to depend on the rate and direction of tem-
perature change and have not been well characterized.

T T T T T

0.00100 @ SeD, ,, i
oo O 0.73 MHz o
0.00080 - o Q v 1.01 MHz -
e}
° o
0.00080 g o ov |
1/9Q 8 %o

o

0.00040 Y YO v -
o) o
8 v %Z)Oo
Yo @ v
v
0.00020 |/ vvv E
vo, R
VOOQCV)
vV
0.00000 L ! L ! L
0 50 100 150 200 250 300

TEMPERATURE (K)

FIG. 3. Ultrasonic loss 1/Q for two different vibrational
eigenmodes in ScDy ;3. The mode at 0.73 MHz is almost pure
C 44, whereas the mode at 1.01 MHz is about 40% C,, and 60%
Coes-

Second, the loss increases as the temperature approaches
room temperature; this increase is probably associated
with the long-range diffusion process. Finally, the dom-
inant effect is the broad loss peak with the maximum near
50 K. These results will be discussed in more detail
below.

Figure 4 shows data for ScH, ,5 at three different fre-
quencies. The solid lines are theoretical fits to the data to
be described below. Figure 5 shows similar data for
ScDy 13- The different frequencies correspond to different
vibrational eigenmodes. It is seen that the attenuation-
peak position shifts little, if any, with a change in measur-
ing frequency. The attenuation peak for ScD, ;3 occurs
at a considerably higher temperature than is the case for
ScHj 5.

Measurements were also made on an undoped Sc crys-
tal. There is no low-temperature peak in this case, only a
small, almost temperature-independent, attenuation.

IV. DISCUSSION

We describe our results in terms of the theory of two-
level systems (TLS’s). An interstitial such as hydrogen,
which may occupy either of two nearby interstitial sites,
can be described as a two-level system with an energy
splitting E =(E2+ A2)'/?, where E is the tunnel split-
ting and A is the difference in energy of the two wells
(asymmetry). This formalism may be used even in cases
where tunneling is not a factor, in which case we simply
have E;=0. The ultrasonic loss due to relaxation is

_ o
1+’

where n is the concentration of TLS’s, D =38E /8¢ is the
variation of the energy-level splitting with respect to the
ultrasonic strain €, C is an elastic constant, /27 is the
ultrasonic frequency, and 7 is the relaxation time. It is
usually the case?’ that 8 4 /8¢ >>8E /8¢, so that
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FIG. 4. Ultrasonic loss 1/Q for three different frequencies in
ScH, ;5. The solid lines are fits to the data described in the text.
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FIG. 5. Ultrasonic loss 1/Q for three different frequencies in
ScDy. 5. The solid lines are fits to the data described in the text.
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We discuss below several features of the data in terms
of Eq. (1): the dependence of the attenuation on the vi-
brational eigenmode, the temperature and frequency
dependences of the data, and the magnitude of the at-
tenuation. First, we address the dependence of the mag-
nitude of the attenuation on vibrational eigenmode shown
in Fig. 3. As discussed above, these two modes differ in
their dependence on the two shear elastic constants C,,
and C¢. The mode specific part of Eq. (1) is the factor
D?/C. We find that C, the elastic constant, is approxi-
mately the same for the two modes, i.e., C4y = Cg¢. Thus,
from Eq. (2), we expect the difference in the maximum
value of 1/Q to be due to 8 4 /8¢, where ¢ is the ultrason-
ic strain associated with a particular vibrational eigen-
mode. As mentioned above, the lower-frequency mode in
Fig. 3 depends solely on C,,. For a crystal of hexagonal
symmetry, the elastic constant C,, is associated with a
single strain €4 (=¢, in tensor notation). This strain cor-
responds to an angular distortion in the yz plane. The
higher-frequency mode depends on a mixture of C,, and
Ce- In hexagonal symmetry C is associated with a sin-
gle strain g,=¢,,, an angular distortion in the basal
plane. By symmetry, C,, is equivalent to Css; thus, we
also expect a distortion in the xz plane corresponding
€5=€,,. In terms of the ultrasonic strains, the results of
Fig. 3 may be summarized as follows: The pure shear
strains €, and €¢ give rise to ultrasonic attenuation, and
the attenuation associated with &g, is larger than that as-
sociated with 8es. An analysis of several other vibration-
al eigenmodes supports the conclusion that the attenua-
tion associated with 8¢, is larger than that associated
with 8eg.

It seems reasonable to attribute the asymmetries
represented by 4 to H-H (D-D) interactions. Since we
have identified the vibrational eigenmodes, it is possible
to obtain information about the nature of the asym-

metries which contribute to y =864 /6e. It is important
to note that, to first order in the strain, neither of the
shear strains €,, or g,, involved in the measurements of
Fig. 3 changes the separation of T sites lying along the
same c axis. Therefore the loss peaks shown in Fig. 3 do
not depend on a modulation of the separation of paired
ions such as 1 and 2 in Fig. 1(b). Vibrational eigenmodes
which depend on C;; will change the separation of such
pairs. None of the modes identified depends purely on
Cj3, but several have a contribution from C;;. Those
modes depending partially on C3; do not show an espe-
cially large loss peak. Thus there is no indication that the
interaction between paired hydrogen ions such as 1 and 2
makes a major contribution to y. Our interpretation of
this result is that such pairs are effectively locked in place
at the temperatures of our experiments and do not con-
tribute to the attenuation because they are immobile on
the time scale of the ultrasonic frequency. To account
for the modulation of asymmetries which contribute to 7,
we are led to look for interactions between adjacent ¢
axes. The closest such T sites are those such as 5 and 6 in
Figs. 1(b) and 1(c). These sites are about 2.36 A apart.
The identification of the interaction between these sites as
being primarily responsible for the ultrasonic attenuation
provides a qualitative explanation for the different magni-
tudes of the attenuation peaks in Fig. 3 because &g,
(=&¢,,), the strain associated with C,4, is more effective
in modulating this separation than is 8gs (=8¢, ), the
strain associated with Cgs. An interaction between sites
of types 5 and 6 appears to be necessary to support the
type of chain formation illustrated in Fig. 1(c). Such in-
teractions would not lead to ultrasonic attenuation for 7'
sites within a chain, because such sites would be locked in
pairs. However, sites at the ends of chains, as illustrated
in Fig. 1(c), could be responsible for ultrasonic attenua-
tion. The ultrasonic attenuation in YD, ;, was attributed
to the same type of interaction.?®

We now turn to a description of the temperature and
frequency dependence of the attenuation peaks. Fre-
quently, ultrasonic-attenuation peaks are described main-
ly by the temperature dependence of 7, which is often due
to thermally activated classical hopping. The present
case is more complicated. First, it seems unlikely that
classical hopping over a barrier is responsible for the re-
laxation. From neutron-scattering measurements, the op-
tical frequency of hydrogen ions in the T sites is
~2X 10" Hz. If we assume that the attenuation peaks
correspond to w7~ 1 and use the optical frequency as the
attempt frequency, then the activation energy required to
give attenuation peaks at the observed temperatures is
~30-60 meV for the two isotopes, less than the energy
of the first excited state of the hydrogen ions in the T
sites.”?’ As will be discussed below, it appears that the
results correspond to w7 <1, so that an even smaller ac-
tivation energy would be required. Because the classical
activation energies required to fit the data are in conflict
with the neutron-scattering experiments and since such
low apparent values of activation energies are often an in-
dication of quantum-mechanical tunneling,’® we describe
the relaxation in terms of tunneling between nearby inter-
stitial sites. The interpretation of our results is quite
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different from a classical Debye relaxation peak in at least
two ways: the relaxation time 7 is not due to classical
barrier hopping, and the factor sech®(E /2kzT) is very
important, with the result that the peak of the attenua-
tion does not correspond to or=1.

In applying Eq. (1) to our results, we assume that A4 is
described by a distribution resulting from interactions be-
tween neighboring hydrogen ions. Because of the crystal-
line nature of the host, we assume that E, is single
valued. Such a model, with a wide distribution of asym-
metries, was used!” to describe the NMR spin-lattice re-
laxation in ScH,. We find that the parameters of Ref. 17
give a reasonably good fit to the present ScH, ,s data,
which supports the idea that the motion seen in the
present experiments is similar to that seen by NMR.
However, we have not been able to achieve a good fit to
the ScD, ;5 data with a reasonable extension of the ScH,
parameters. Thus we adopted the approach described
below.

Equation (1) must be integrated over an appropriate
distribution of asymmetries using proper expressions for
the relaxation time 7, which in general depends on the
asymmetry. Relaxation of the TLS occurs as a result of
coupling to electrons’! 73 and phonons.'”2*3¢ In gen-
eral, the electron and one-phonon rate are slowly varying
functions of temperature, while the multiple-phonon
rates are much more strongly dependent on temperature.
The electron coupling in metals dominates the one-
phonon coupling except possibly at very high asym-
metries.!” Figures 4 and 5 show that the peak position
shifts little, if at all, with a change in frequency. This fact
suggests that w7 <1 for many of the tunneling centers.
With these considerations, the shape of the attenuation
curves and the relative magnitudes of the results for
ScHy ,5 and ScD, ;5 suggest a qualitative explanation of
our results. For temperatures less than the maximum of
the attenuation, the increasing thermal population of lev-
els combined with the weakly temperature-dependent re-
laxation rate gives a contribution to the attenuation
which increases with temperature. The slowly varying
relaxation rate is probably due to coupling to electrons.
For temperatures near the maximum of the attenuation, a
much more strongly temperature-dependent relaxation
rate becomes dominant and the rapid decrease of 7 leads
to the decrease in the attenuation in the w7 < 1 limit. The
strongly temperature-dependent relaxation rate is much
weaker for D than for H, as would be expected for a pro-
cess involving tunneling. The surprising point is that the
weakly temperature-dependent rate needed to fit the data
is approximately the same for the two isotopes, with the
assumption that yy=yp and that the distribution of
asymmetries is approximately the same.

We now give the details of fitting the data. For the
weakly temperature-dependent rate, we have used an ex-
pression for relaxation due to the electrons,!’

1 _ wKE%

Tel #E

oth

2kpT |’ 3

where K is a dimensionless parameter representing the
coupling to the electrons. For the strongly temperature-
dependent rate, we use
1 T°
—=F,—+F,T7, )
Tp E

where F, and F, are adjusted to fit the data. The total
relaxation rate used in Eq. (1) is just the sum of the two
relaxation rates, 7~ !=71 ]+7'p_ !. Equation (4) approxi-
mates the E and T dependence!” of the theoretical two-
phonon processes in the low-temperature limit. Howev-
er, we find that these expressions give a good fit to the
data even outside the low-temperature limit.

Following Ref. 17, we used Gaussian distributions of
asymmetries centered around + 4, and — A4, (since posi-
tive and negative asymmetries are equally likely) with
widths 4,. To minimize the number of parameters, we
used the same A4, and A4, for both ScH, ,5 and ScDy g,
although the different concentrations would probably jus-
tify somewhat different values for the two samples. The
tunneling matrix element only enters through the value of
KEZ%, and K is not determined separately. For the large
values of A4 used, the values of F; and F, needed for the
fit are insensitive to the value of E; for any reasonable
value of E;. The temperature and frequency depen-
dences of the theoretical curves are determined by the
distribution of asymmetries, KE %, F,, and F,. The fitted
values of these parameters are given in Table I for both
isotopes. As can be seen from Table I, the parameters are
the same for the two isotopes with the exception of F,
and F,, which are 50 times stronger for H than for D.

Tunneling provides an explanation for the differences
between F| and F, for the two isotopes. The two-phonon
relaxation rates depend on a tunnel splitting squared, and
the tunnel splitting is, of course, smaller for D than for H
because of the larger mass. Our results indicate that the
ratio of the splittings is =~(50)!/2. This value is near the
value 10 estimated for Nb.’” The fact that the value of
KE? needed to fit the data is the same for the two iso-
topes is a puzzle. One would have expected this parame-
ter to differ for the two isotopes by a comparable magni-
tude. We have no explanation for this behavior at this
time.

TABLE 1. Parameters used to fit the temperature and frequency dependence of the ultrasonic at-
tenuation in ScHy ;5 and ScD, ;3. The asymmetries are described by Gaussian distributions centered at

+ A, with a width 4,.

A, /kp Ay/kg KEZ/k} F, F,
ScHy 55 105 K 70 K 0.0014 K? 4000 s~'K? 4%X107°% s~ K7
ScDy 5 105 K 70 K 0.0014 K? 80 s 'K3 8x10~7 s~ 1K’
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FIG. 6. Relaxation rate 7! used to fit the data, plotted as a
function of temperature for several values of the asymmetry pa-
rameter A. The horizontal dotted lines correspond to
7 1=w=27f for the two different values of the frequency f
shown in the figure. (a) ScHj ,s; (b) ScDg_ 5.

The relaxation rates given by the parameters of Table I
and used to fit the data are shown in Fig. 6(a) and 6(b) for
a range of temperatures and asymmetries. These figures
show that, over the temperature range of the peaks, the
relaxation rate used to fit the ScD ;3 data is roughly 50
times lower than the rate used to fit the ScH, ,s data.
Certain unusual features of the attenuation peaks are ap-

parent in Figs. 6(a) and 6(b). The condition w7=1 is
satisfied for only a fraction of the TLS’s, those having rel-
atively high asymmetries. For all cases in which w7=1 is
satisfied, the condition 4 <kyT holds, so that the tem-
perature dependence of the factor sech’(E /2k, T) in Eq.
(1) plays an important role in the determination of the
shape of the attenuation peaks. Those centers for which
w7 <1 make an important contribution to the attenuation
for the following reason: Although the factor
o7/[1+(w7)?] is relatively small for such centers, the
factor sech’(E /2kp T) is relatively large.

We now turn to the magnitude of the attenuation. The
two lower frequencies of Fig. 4 for ScH,, ;s each contain
about 40% contribution from C,4 and 60% contribution
from C¢g with only a small contribution from other elas-
tic constants. Using our values of C,q~Cg~3X10"
Nm™2 we find (noy?)g=1.3X10"'2 J2m~? for the
mode at 0.97 MHz and (nyy?)y=1.0X10"!2 J>m 3 for
the mode at 1.7 MHz. With the present model, these two
values should be the same; the agreement between the
two results appears reasonable.

Figure 5 contains data and theoretical curves for
ScDg ;5. As mentioned earlier, the curve at 0.73 MHz de-
pends almost entirely on C,y. We find for this mode
(noy*)p=1.8X10"12 J2m~3 The mode at 1.84 MHz
contains contributions from several modes with about
40% each from C, and Cgx. We estimate
(noy*)p=~6X10"1 J2m~3 for this mode. Consistent
with the earlier discussion, the value for the pure C,,
mode is highest.

We were able to make a comparison between the re-
sults for ScH,, ,5 and ScD, ;3 at a frequency of 1.71 MHz
for almost identical eigenmodes. Details are given in
Tables II and III. We find (nqy?)g=6.5X10"1 J2m~3
and (nyy?)p=4.7X10"13 I>m~3 It is interesting to
note that (nyy2)y/(nyy?)p=1.38 is approximately equal
to £, the ratio of the isotope concentrations for the two
samples. This evidence for a linear dependence on con-
centration is too indirect to be anything more than sug-
gestive. A linear dependence on concentration is not ex-
pected38’3‘9 for the usual Zener-type relaxation involving
random occupancy of the interstitial sites. In contrast, a
linear dependence is consistent with the model proposed
above for coupling between the TLS and ultrasonic vibra-
tions.

We have used the parameters of Table II for ScHy ,5 to
calculate the NMR spin-lattice-relaxation rate for pro-
tons by integrating Eq. (19) of Ref. 17 over the Gaussian
distribution of asymmetries. These parameters give a
good description of the temperature dependence of the

TABLE II. Values of n,y? used to fit the magnitude of the attenuation in ScH, ,5 for various modes.
The ultrasonic loss data for the mode at 1.71 MHz are not shown: Loss data for the other modes are
shown in Fig. 4. The value of |y| was estimated under the assumption that n, is equal to 10% of the H

37% Cus, 56% Cgs

38% Cu4, 58% Coqs, 4% Cis

ions.
Mode 37% Cu4, 56% Cogs
Frequency (MHz) 0.97
ney? 3*m™3) 7.5%107 13
lyl V) 0.17

1.70 1.71
6.5x10713 6.5%x10713
0.16 0.16
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TABLE III. Values of n,y? used to fit the magnitude of the attenuation in ScDj 5 for various modes. The ultrasonic loss data for
the mode at 1.71 MHz are not shown: Loss data for the other modes are shown in Fig. 5. The value of |y| was estimated under the

assumption that n, is equal to 10% of the D ions.

Mode 92% Cus, 8% Ces 40% C,4, 40% Cg, 16% Cs3 40% Cg4, 54% Ceg, 6% Cis
Frequency (MHz) 0.73 1.84 1.71

noy? 3*m™3) 1.2X10712 3.8%1071 47X10°1

Iyl V) 0.25 0.14 0.16

proton spin-lattice-relaxation rate. In addition, the mag-
nitude of the relaxation rate is correctly described if we
assume that 10% of the protons contribute to the low-
temperature spin-lattice relaxation. (Reference 17 fit the
results with 7% of the protons contributing; our some-
what higher value is due to a wider distribution of asym-
metries used in the present calculation.) The agreement
indicates that essentially the same motion is seen in the
NMR and ultrasonic experiments; the present interpreta-
tion is essentially the same as that of Ref. 17.

To estimate |y| we assume that n, is proportional to
the total hydrogen concentration. Our arguments above
imply that only a small fraction of the hydrogen ions con-
tribute to the attenuation. We will use the 10% figure to
estimate |y|. For the two lower-frequency modes of Fig.
4 which have nearly the same dependence on elastic con-
stants (37% contribution from C,, and a 56% contribu-
tion from Cgg), we find |yy|=0.17 eV for the mode at
0.97 MHz and 0.16 eV for the mode at 1.7 MHz. From
Fig. 5 we find |yp|=0.25 eV for the mode at 0.73 MHz
(almost pure C,,) and 0.14 eV for the mode at 1.84 MHz
(16% C;3, 42% C,y, and 38% Cg). Finally, for a mode
where a direct comparison of H and D is possible for the
same eigenmode (=~39% C,4, 56% Cys, and 5% Ci;), we
find |y 4| =|ypl=0.16 eV. These various values for nyy?
and |y| are shown in Tables II and III.

The same temperature-independent distribution of
asymmetries was used to fit the data for both isotopes.
The actual distribution may be temperature dependent.
The distribution seen by a particular hydrogen ion de-
pends on the occupancy of neighboring interstitial sites
by other hydrogen ions. As the neighboring hydrogen
ions become thermally excited with increasing tempera-
ture, the asymmetry seen by a particular ion may de-
crease. The shift of the distribution to smaller asym-
metries with associated faster relaxation rates may be re-
sponsible for the strongly temperature-dependent rate re-
quired to fit our data.

V. CONCLUSIONS

Ultrasonic measurements in the 1-MHz range on
ScH, ,5 and ScD ;3 show attenuation peaks below 100 K:
For ScH, ,5 the maximum attenuation occurs near 25 K;
for ScD, ;3 the maximum occurs near 50 K. The general
features of the results as well as the parameters used in
fitting the data suggest that the motion seen in the ul-
trasonic experiments is closely related to that seen in
NMR experiments. The results for both isotopes were fit
with a TLS model involving tunneling between highly
asymmetric sites. The relaxation of the TLS was fit as a
sum of the two terms: 7, !, probably due to coupling to
electrons, and 7'; 1 attributed to multiphonon processes.
The rate 7, ! was 50 times stronger for ScHy ,5s than for
ScDy 5, in accordance with the idea that the relaxation
involves tunneling. A surprising and unexplained result
was that the rate 7, ! required to fit the data was the
same for the two isotopes.

The dependence of the attenuation on the vibrational
eigenmode and the observation of large attenuation peaks
for vibrational eigenmodes involving only €, and €4 shear
motion indicate that the coupling of the TLS to the ul-
trasonic vibrations is due to a modulation of H-H (D-D)
interactions between ions lying on parallel ¢ axes. Ion
pairs likely having a major role in this coupling were
identified. With the assumption that the same fraction of
hydrogen ions contribute to the ultrasonic attenuation in
the two samples, we find that |yy4|=~|ypl; i.e., the cou-
pling of the TLS to the ultrasound is isotope independent.
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