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Deuterium motion in yttrium studied by ultrasonic measurements
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Ultrasonic-attenuation measurements in YDO, O reveal broad, asymmetric attenuation peaks that are
interpreted in terms of rapid motion of deuterium among interstitial sites in the Y metal lattice. The re-
sults are well described with a model involving tunneling among highly asymmetric sites. A weakly
temperature-dependent relaxation rate, compatible with coupling of the sites to electrons, accounts for
the relaxation up to about 70 K. At higher temperatures a strongly temperature-dependent relaxation
rate becomes dominant. The major asymmetries that are responsible for the coupling of the tunneling
centers to the ultrasound are attributed to the interaction between D atoms that lie on diferent c axes.

I. INTRODUCTION

The rare-earth —metal-hydrogen systems (RH(D),
R =Y, Sc, Lu, Tm, Er, and Ho) have unusual thermo-
dynamic, structural, and dynamical properties. Hydro-
gen (or deuterium) is retained in solid solution for x as
high as 0.2 —0.3, down to the lowest temperatures, ' with
no precipitation of the hydride phase. Neutron-
scattering experiments show that hydrogen isotopes oc-
cupy predominately the tetrahedral (T) sites in the hcp
metal lattice with little occupancy of the octahedral (0)
sites; moreover, hydrogen pairs are formed as the temper-
ature is lowered. The pairs involve hydrogen occupancy
of next-nearest-neighbor T sites along the c axis with a
bridging metal atom between the hydrogens. In addition,
the pairs forms chains ' along the c axis, with some
correlation between chains. '

The dynamical properties of this system are complex, '

diffusive motion has been observed on at least three
different time scales. The relatively slow motion respon-
sible for long-range diffusion involves T-0-T jumps with
an activation energy of =0.6 eV. This motion has been
studied by the Gor sky effect, quasielastic neutron
scattering, and NMR. Low-frequency (=1 Hz) internal
friction measurements' show a peak with approximately
the same activation energy. A fast local motion, presum-
ably involving motion between nearest-neighbor T sites,
has been detected by NMR proton spin-lattice relaxation
measurements" in ScH„, with a slight indication of such
a motion in YH . A very fast local motion between
nearest T sites has been observed in YH (Ref. 12) and

ScH (Ref. 13) by quasielastic neutron scattering (QNS).
The relation between the two types of local motion is un-
clear; they occur over the same temperature range, but
the QNS derived rates are at least 100 times faster than
the NMR derived rates. In addition, below 70 K the
temperature dependences of the two rates are dramatical-
ly different, the neutron measured rate decreases with in-
creasing temperature, while the NMR measured rate in-
creases with increasing temperature. Finally, recent
acoustic measurements' on YO H„present evidence for
a tunneling motion of H trapped near O.

In view of the rich variety of phenomena found in
these RH(D) systems and the possible fundamental role
of quantum-mechanical effects in describing the motion,
we have performed ultrasonic measurements on YD .
According to the selection rules for anelasticity, ' the
symmetry of the T sites in the hcp lattice is such that an
isolated hydrogen ion hopping between such sites will not
give rise to ultrasonic attenuation. Hydrogen-hydrogen
interactions will lower the site symmetry, however, and
give rise to ultrasonic loss. Since such interactions are re-
sponsible for many of the interesting effects in these sys-
tems, it appears useful to use a probe dependent on these
interactions. In addition, the frequency range of our
measurements ( = 1 MHz) is quite different from those de-
scribed above, which may result in interesting phenome-
na being detected.

II. EXPERIMENTAL DETAILS

The single-crystal samples were grown at the Ames
Laboratory, Iowa State University, from high-purity ma-
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terials. Deuterium was loaded from the gas phase in the
usual way. ' Rectangular parallelepipeds, =2 mm on
an edge, were cut from larger samples using an electric
discharge machine. Vacuum fusion analysis of one of the
YD crystals showed x =0.10, and 260 ppm of N and
2890 ppm of 0 impurities. Whereas qualitative results
were obtained on two different samples, the data reported
below were obtained on a single, rectangular-
parallelepiped sample of room-temperature dimensions
1.82 X 1.92 mm X2.06 mm. The long axis of the paral-
lelepiped was parallel to the c axis to within 0.5, as
determined by x-ray diffraction. Since a crystal of hexag-
onal symmetry is elastically isotropic in the basal plane,
the orientations of the other crystalline axis were not
determined relative to the parallelepiped axes.

Resonant ultrasound spectroscopy' was used to mea-
sure the ultrasonic-attenuation and elastic constants.
With this technique a single-crystal, rectangular-
parallelepiped sample is placed corner-to-corner between
two piezoelectric transducers, one transducer being used
for generation and the other for detection of ultrasonic
vibrations. By sweeping the excitation frequency, a large
number of the lowest vibrational eigenfrequencies can be
investigated. The eigenfrequencies are related to the elas-
tic constants, while the inverse of the Q of the resonances
is related to the vibrational energy loss in the sample.
Using the method of Visscher et al. ,

' we have identified
the lowest 31 eigenfrequencies of one sample by fitting
the measured frequencies to a set of elastic constants.
This identification is needed for a microscopic interpreta-
tion of the results as discussed below.

III. RESULTS AND DISCUSSION
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Figure 1(a) gives results for 1/Q, for a single-crystal
YDp &p sample, obtained at a frequency of 0.8 1 MHz,
over the temperature range of 15—325 K. Three general
features are apparent. The loss increases at the highest
temperatures; this increase may be associated with the
long-range diffusion process, or other processes discussed
below. There is a small attenuation effect near 160 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.
The main effect, of course, is the large, broad, asym-
metric attenuation peak with the maximum near 87 K.
The solid line is a theoretical fit io the data to be de-
scribed below. Figure 1(b) gives data similar to that of
Fig. 1(a), but for a different vibrational eigenmode, the
difference to be discussed below. The major difference
between the data sets for the two eigenmodes is in the
magnitude of the low-temperature peak. Figure 2 gives
additional data at other frequencies for the low-
temperature peak. A temperature-independent back-
ground (1/Q)b was subtracted from the two highest-
frequency curves before plotting the data in Fig. 2.
(1/Q)bs =0.00007 and 0.0001 for the 1.4- and 2.7-MHz
curves, respectively. Since the peak for the lowest fre-
quency was much higher relative to the background, no

FICx. l. (a) Ultrasonic loss, 1/Q vs temperature for YDO, O at
a frequency of 0.81 MHz. The solid line represents a theoretical
fit to the data described in the text. This vibrational eigenmode
depends almost purely on C44. (b) Ultrasonic loss, 1/Q, vs tem-
perature for YDO &o at a frequency of 0.83 MHz. This vibration-
al eigenmode depends almost purely on C«.
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FICx. 2. Ultrasonic loss, 1/Q, vs temperature at three
different frequencies. The solid lines represent theoretical fits to
the data described in the text.
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background subtraction was performed. Neither was any
background subtracted from the data of Fig. 1. Note
that the peak positions shift to higher temperatures with
increasing frequency.

We attribute the ultrasonic-attenuation peaks to relax-
ation attenuation due to the motion of hydrogen ions.
Such motion, resulting in ultrasonic attenuation, has been
described in terms of classical barrier hopping ' ' in
PdH and quantum-mechanical tunneling for hydro-
gen trapped at impurities in Nb. An attempt was made
to fit the data from this work with a classical, thermally
activated relaxation time. The shift of the peak position
with frequency, and the high-temperature side of the
peak, could be fit reasonably well with an activation ener-

gy of 60 meV and an attempt frequency of 2X10' s
The low-temperature side of the peak did not fit well with
this approach, even with a Gaussian distribution of ac-
tivation energies. In any case, these values seem unphysi-
cal when compared with neutron-scattering measure-
ments of hydrogen vibrations in the T sites of Y: 60
meV is less than the energy of the first excited state for H
vibration in the T site; and, 2X10' s ' is a factor of 10
lower than the optical frequency measured by neutron
scattering. Such low apparent values of activation ener-
gies and attempt frequencies are often an indication of
quantum-mechanical tunneling. Thus, rather than use
a description based on classical barrier hopping, which is
in confIict with the neutron-scattering results, we turn to
a picture based on quantum-mechanical tunneling as was
done for the NMR spin-lattice relaxation data.

Considering the neutron and NMR results, it seems
likely that the low-temperature motion is due to move-
ment between the two closely spaced T sites arranged in
pairs along the c axis. The movement of hydrogen be-
tween nearby interstitial sites can be described as a two-
level system (TLS) with an energy splitting
E =(E7 +5 )'~, where Er is the tunnel splitting and 5
is the difference in energy of the two wells (asymmetry).
In principal 6 may include contributions from the
different zero-point energies of the two wells if the wells
have different shapes. In cases where tunneling is not a
factor Ez-=0, but the model may still be used to describe
the ultrasonic losses. The ultrasonic loss is given by

0 E co'T
2

Q 4Cks T 2k~ T 1+co~v

where no is the concentration of TLS's, D =5E/6e is the
variation of the energy-level splitting with respect to the
ultrasonic strain e, C is an elastic constant, co/2~ is the
ultrasonic frequency, and ~ is the relaxation time. It is
usually the case that 5b, /5e))oEr I6e so that

(2)

In amorphous materials it is normally assumed that
both 6 and Ez are characterized by distributions, but in
the present case it may be reasonable to assume that Ez
is single valued, since we are dealing with a crystalline
material, while 6 is described by a distribution due to in-
teractions with the neighboring hydrogen. Such a model

was used to describe the NMR spin-lattice relaxation in
ScH (Ref. 27) and ultrasonic attenuation in the Nb-0-H
system. The asymmetric attenuation peaks in Figs. 1

and 2 appear similar to the asymmetric spin-lattice relax-
ation curves in ScH„." Thus, we are led to use Eq. (1)
with a distribution of asymmetries.

Equation (1) must be integrated over the chosen distri-
bution of asymmetries. The difhculty lies in not only
finding the proper distribution, but in finding the proper
expressions for the relaxation time, ~, which in general
depends on the asymmetry. Many different expressions
have been given for coupling of TLS's to electrons
and phonons. ' ' In general 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 low-temperature sides of
the attenuation peaks in Figs. 1 and 2 appear to be due to
a slowly varying relaxation time and perhaps also due to
the thermal population of the energy levels having a split-
ting comparable to k~ T, while the shift of the peak posi-
tion and the high-temperature side of the attenuation
peaks appear to be due to a much more rapidly varying
relaxation time.

The fits shown in Figs. I and 2 were obtained with a
Lorentzian distribution of asymmetries. Gaussian distri-
butions were also explored, but the fits were somewhat
better with Lorentzian distributions. For relaxation due
to the electrons we have used the expression

+el

FAKE&

AE 2k~ T
coth

where K is a dimensionless parameter representing the
coupling to the electrons. We have been unable to find a
good fit to the data using the theoretical two-phonon re-
laxation rates. Thus, we have fit the data using a phe-
nomenological expression for the high-temperature relax-
ation time. The expression we have used is

yTn
E2 (4)

where F represents the strength of the relaxation. The to-
tal relaxation rate used in Eq. (1) is just the sum of the
two relaxation ratesp 7 Tel + Tp

The parameters used to calculate the curves shown in
Figs. 1 and 2 are, .apart from the magnitude of the at-
tenuation, as follows: The Lorentzian distribution of
asymmetries is centered at 6&/k~ =+60 K with a width
Ap/k~ = 1 5 K, the phenomenological relaxation time is
characterized by n =8 and F/kz =4X10 K s '; the
strength of the electron relaxation is given by
KEz/k~ = 1.4X 10 K. If a typical value of K =0.04 is
used, then the inferred tunnel splitting is Ez-/kz =0.019
K. This value for D tunneling in Y seems reasonable as
compared to values for H tunneling in Nb (Ref. 36) and
Sc (Ref. 27).

From Eqs. (1) and (2), the magnitude of the attenuation
peaks depends on noD /4C=noy /4C. In general the
various eigenmodes will depend on a combination of elas-
tic constants, so that C is not a single elastic constant.
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An analysis of our results reveals, however, that several
modes depend almost entirely on a single elastic constant.
We found three modes that were almost pure C44', the
0.81-MHz data of Fig. 1(a), the 0.55-MHz data of Fig. 2,
and a mode at 0.79 MHz which is not shown. These
three curves were fit with the same value of npy /4C.
Using our value of 2.56 X 10' Pa for C44, we find

npy =2.6X10 ' J m for these modes. We do not
know what fraction of the deuterium atoms participate in
the ultrasonic attenuation. NMR spin-lattice relaxation
measurements on ScH, were fit " with 7%%uo of the hydro-
gen ions contributing. For a crude estimate of y we will
use the 7% number here. With this figure we find

y44 =0.22 eV, without regard to sign. Our analysis
shows that the mode of Fig. 1(b) is almost entirely depen-
dent on C66. Following the above analysis we find

npy =6.6 X 10 ' J m for this mode, and y66 =0. 1 1

eV. These results for y are somewhat larger than was
found for deuterium motion trapped near N in Nb, but
comparable to those found for amorphous materials.

The modulation of the asymmetries, which is responsi-
ble for the coupling between the ultrasound and the
TLS's, is assumed to be due to D-D interactions. In view
of the strong pairing between deuterium atoms located
along the c axis, e.g., T sites 3 and 4 in Fig. 3, one might,
at first, expect large ultrasonic losses to be associated
with strains which change the separation of such pairs.
It is interesting to note that the strains associated with
C44 and C66, namely e4 and e6, do not change this separa-
tion. Therefore, the loss peaks shown in Fig. 1 and the
lowest frequency of Fig. 2 do not depend on a modulation
of the distance between pairs lying along the c axis. (The
vibrational eigenmodes associated with the two higher
frequencies of Fig. 2 have not been identified). To explain
the TLS-ultrasound coupling responsible for these peaks,
we are led to consider interactions between D atoms oc-
cupying T sites such as 1 and 3 in Fig. 3. These sites are
separated by about 2.6 A. The change in the distance r, 3

2 II

FIG. 3. Crystal structure of a-phase YD . The open circles
represent Y atoms and the filled circles represent T sites which
are partially occupied by D.

due to an ultrasonic strain is larger for e4, and equivalent-
ly e~, than for e6, in qualitative agreement with the results
of Fig. 1. To investigate most directly the effects of the
modulation of c-axis pairs on the ultrasonic attenuation,
it would be desirable to have an eigenmode which de-
pends solely on C33 since the corresponding strain, e3,
changes the separation of c-axis pairs. Unfortunately,
among the modes investigated none depends solely on
C33 Several modes, however, do have a substantial con-
tribution from C33 Although a detailed analysis of the
contributions to the ultrasonic attenuation for such
modes is difficult, none of these modes show a particular-
ly high loss peak. The result is that the interaction be-
tween second-neighbor e-axis pairs does not play a dom-
inant role in the asymmetries responsible for the coupling
between the TLS's and the ultrasonic vibration. Our in-
terpretation of this result is that such pairs are locked in
position at the temperature of our measurements, and for
that reason do not play a role in the ultrasonic attenua-
tion. This interpretation is consistent with our assump-
tion above that only a small fraction of the D atoms con-
tribute to the attenuation.

Recent acoustic measurements' in the frequency range
2 —32 kHz on YOppp27Hpp]6 revealed a series of loss
peaks attributed to H trapped near O. Although our
sample has a comparable 0 concentration, we do not be-
lieve that the peak we observe is as reported in Ref. 14
for two reasons: (1) The only candidate seems to be the
peak labeled P2 in Ref. 14, but an extrapolation of the
data for P2 to the frequency range of our measurements
indicates a much higher temperature for P2 than we ob-
serve. The measurements in Ref. 14 are for hydrogen,
while our measurements are for deuterium. It appears
likely that deuterium moves more slowly than hydrogen,
so the corresponding peak P2 would occur at an even
higher temperature. This effect may contribute to the ab-
sorption increase we observe near room temperature. (2)
The attenuation peaks we observe in Y, and have also ob-
served in Sc, appear similar to the maxima in the spin-
lattice relaxation rates observed by NMR in these materi-
als, especially ScH . The NMR results would not be ex-
pected to be strongly inAuenced by H trapped at low con-
centrations of O.

It seems likely that the ultrasonic-attenuation peaks we
observe are due to deuterium atoms moving between
nearest-neighbor T sites. Those pairs of sites with low or
zero asymmetry have a very short relaxation time and
contribute very little to the ultrasonic attenuation
(cur«1). Most of the sites, however, have high enough
asymmetry that co~) 1 at the lowest temperature. The
attenuation at the lower temperatures is due to sites with
moderate asymmetry, which have co~=1 and for which
the upper level is thermally populated. At higher tem-
peratures the rate ~ ' dominates the relaxation and the
condition co~=1 is satisfied for many centers in the 90-K
temperature range, resulting in the attenuation peak the
position of which shifts with frequency. Those sites in
the wings of the distribution with low or zero asymmetry
cause the theoretical curves to show an upturn as the
temperature approaches zero. This increase occurs be-
cause such TLS's have a very fast relaxation rate, so that
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the condition cur= 1 is satisfied at low temperature where
the factor (1/k~ T)sech [E/2k~ T) is large. Unfortunate-
ly, the experimental arrangement for the present work
did not permit measurements below about 10 K. Mea-
surements at lower temperatures would be desirable as a
check of the distribution of asymmetries.

The measurements of Ref. 14 for H trapped near 0 in
Y concluded that multiphonon relaxation processes dom-
inated the relaxation above a few K. Our results are
different. We find that ~,&=~& at approximately 70 K.
The disparity may be due to the different isotopes (H vs
D) or different lattice sites occupied by the isotopes.

No doubt some of the parameters of our model could
be changed, while still achieving a good fit to the data.
The key features which yield a good fit to the data are the
following: (l) a weakly temperature-dependent relaxation
rate which dominates at low temperature. Another ex-
pression than the one we have used would probably fit the
data with a somewhat different distribution of asym-
metries. Most of the deuterium atoms have relaxation
rates less than the ultrasonic frequency at low tempera-
ture. (2) a strongly temperature-dependent relaxation
time which dominates the relaxation above about 70 K.
This rate should vary approximately as T in the temper-
ature range of 80—140 K to fit both the shift of the peak
with frequency and the high-temperature side of the at-
tenuation peak.

Our analysis is based on the assumption of a
temperature-independent distribution of asymmetries,

but in fact the distribution may have a temperature
dependence. The excitation of the deuterium to a higher
level in one set of wells may reduce the asymmetry in a
neighboring set of wells. The very rapid temperature
dependence of the relaxation rate may be partly the result
of the distribution changing to smaller asymmetries with
faster rates.

IV. CONCLUSIONS

We have presented ultrasonic evidence for a rapid
motion of D in Y in the temperature range of 15—140 K.
The most likely origin of this motion, at least in the lower
temperature range, appears to be tunneling between
nearest-neighbor T sites with a distribution of asym-
metries. A weakly temperature-dependent relaxation
rate, probably due to coupling to electrons, dominates the
relaxation up to about 70 K. Above this temperature a
much more strongly temperature-dependent relaxation
process becomes dominant. Interactions between D
atoms lying on adjacent c axes, not pairs lying along the
same c axis, appear to play the dominant role in provid-
ing the asymmetries involved in coupling the tunneling
centers to the ultrasound.
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