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Nuclear magnetic resonance study of the low-temperature localized H„D… motion in a-ScHx„Dx…:
Isotope effects
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Nuclear magnetic resonance measurements of the45Sc, 1H, and 2D spin-lattice relaxation rates in the solid
solutionsa-ScHx (x50, 0.11, and 0.27! and a-ScDx (x50.05 and 0.22! have been performed over the
temperature range 4.2–294 K. For the hydrided and deuterided samples we have found pronounced deviations
of the 45Sc relaxation rate measured at 86.2 MHz from the Korringa behavior in the range 30–180 K. The
excess45Sc relaxation rate displays a peak near 100 K ina-ScHx and near 110–140 K ina-ScDx , resulting
from the quadrupole interaction modulated by fast localized hopping of H~D! atoms. The amplitude of the45Sc
relaxation rate peak in the deuterided samples is found to be much higher than in the hydrided samples with
comparable hydrogen content. This unusual isotope effect indicates that the fraction of D atoms participating
in the fast localized motion ina-ScDx is approximately six times as large as the corresponding fraction of H
atoms ina-ScHx . The results of our measurements of the1H and 2D relaxation rates are consistent with this
conclusion. The strong effect of H↔D substitution on the fraction of atoms involved in the localized hopping
should be accounted for in any microscopic model of hydrogen motion in Sc.@S0163-1829~99!15725-4#
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I. INTRODUCTION

The unusual low-temperature properties of solid solutio
of hydrogen in scandium and the related hcp metals Y
Lu have received much recent attention. The solid-solut
(a) phase in these materials is stabilized up to much hig
hydrogen concentrations at low temperatures than in o
metal-hydrogen systems. In fact, thea phases of these sys
tems are remarkable in that their hydrogen solubility lim
xmax do not tend to zero as temperature goes to zero.
believed that thea phase stabilization is related to the pec
liar short-ranged ordering of hydrogen~see, e.g., Ref. 1! that
develops with decreasing temperature. Neutron diffracti2

and diffuse scattering3,4 measurements have shown that h
drogen occupies only the tetrahedral interstitial sites in
hcp Sc lattice and tends to form next-nearest-neighbor p
bridging the metal atoms in thec axis direction. As the tem-
perature is lowered, these pairs arrange themselves in
longer-range structure, predominantly along thec direction.
This structure never becomes truly long ranged and t
never develops new Bragg diffraction peaks.

Nuclear magnetic resonance~NMR! measurements of th
proton spin-lattice relaxation rate (T1

21)H in a-ScHx and re-
lated systems5,6 have revealed a fast localized H motion wi
characteristic hopping ratet l

21 of about 108 s21 at 50 K.
This localized motion gives rise to an additional frequen
dependent maximum of (T1

21)H at low temperatures~35–80
K!. The structure of the sublattice of tetrahedral intersti
sites in a hcp metal suggests that the localized H mo
corresponds to hopping between the nearest-neighbor s
PRB 600163-1829/99/60~2!/966~6!/$15.00
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separated by about 1.0 Å in thec direction. Quasielastic neu
tron scattering~QENS! measurements ona-ScHx ~Refs. 7
and 8! have revealed the existence of a still faster localized
motion with hopping ratet f

21 passing through aminimumof
about 731010 s21 near 100 K and increasing to 1012 s21 at
10 K. On the other hand, because of the limited energy re
lution (70 meV) these QENS experiments could not dete
the slower H motion found by NMR.5,6 In order to reconcile
the NMR and QENS results, it has been suggested8 that the
slower frequency scalet l

21 corresponds to the hopping o
protons involved in pairing, whereas the faster scalet f

21

corresponds to the hopping of unpaired protons. This in
pretation is supported by the observed decrease in the
tion of protons having the hopping ratet f

21 with decreasing
temperature.8 However, the observed low amplitudes of th
low-temperature (T1

21)H peak ina-ScHx ~Ref. 5! ~only about
2% that of the main, higher temperature peak due to dif
sive motion! indicate that only a small fraction of proton
participate in the slower local motion; this does not supp
the suggestion8 that the frequency scalet l

21 corresponds to
the hopping of paired protons, because at low temperat
most of the hydrogen atoms are believed to be paired.3

Since the low-temperature localized hydrogen motion
scandium is likely to be of quantum origin,7 one may expect
pronounced effects of isotope (H↔D) substitution. It should
be noted that neutron diffraction and diffuse scattering
periments have been performed on deuterided (a-ScDx)
samples, whereas the NMR and QENS measurements
been made only on hydrided (a-ScHx) samples. Isotope ef
fects in hydrogen motion ina-ScHx(Dx) have been studied
966 ©1999 The American Physical Society
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by ultrasonic measurements in the 1 MHz range on ScH0.25
and ScD0.18.9 These measurements have revealed ultras
attenuation peaks near 25 K for ScH0.25 and near 50 K for
ScD0.18. The results have been interpreted in terms of a tw
level-system model involving tunneling between asymme
sites, the model parameters being strongly isoto
dependent.9

The aim of the present work is to study the effects
H↔D substitution on the parameters of the localized hyd
gen motion ina-ScHx(Dx) using 45Sc, 1H, and 2D spin-
lattice relaxation measurements. Relaxation rate meas
ments on host-metal nuclei with non-zero quadrup
moments serve as an efficient probe of isotope effects
hydrogen motion.10 For such nuclei the main motional con
tribution to the relaxation rate originates from the elect
quadrupole interaction modulated by H~D! hopping. Since
for the quadrupole interaction onlycharge fluctuations are
important, H and D atoms are expected to give the sa
contributions to the host-metal relaxation rate,if their mo-
tional parameters are the same. We have measured the spin
lattice relaxation rates for45Sc ~with spin I 57/2 and quad-
rupole moment Q520.22310224 cm2) in a-ScHx (x
50, 0.11, and 0.27! and a-ScDx (x50.05 and 0.22! over
the temperature range 4.2–294 K. These measurements
revealed that isotope substitution leads to dramatic chan
in the amplitude of the relaxation rate anomaly attributed
the localized hydrogen motion. The45Sc relaxation experi-
ments have been complemented by spin-lattice relaxa
rate measurements for protons and deuterons on the s
samples.

II. EXPERIMENTAL DETAILS

The samples ofa-ScHx anda-ScDx were prepared from
high-purity Ames Laboratory~Materials Preparation Cente!
scandium metal having a total rare-earth impurity conten
less than 5 ppm and an iron content of less than 13 ppm.
preparation procedures for the powdered samples have
reported previously.5

Measurements of the45Sc, 1H, and 2D spin-lattice relax-
ation timesT1 were made using a CMX360 Chemagnet
spectrometer connected to a 1 kW transmitter in the mag-
netic field of 8.4 T produced by a 89 mm-bore supercondu
ing solenoid. The corresponding resonance frequencies w
86.2 MHz for 45Sc, 354.12 MHz for1H, and 54.36 MHz for
2D. For a-ScD0.22 the 2D spin-lattice relaxation times wer
also measured in a field of 4.7 T~30.7 MHz! produced by a
127 mm-bore superconducting magnet. Temperatures be
140 K were achieved with a research Dewar built by Ka
Inc. In this range the sample temperature was stable
60.1 K, as measured by a thermocouple and a calibra
carbon-glass resistor thermometer. At temperatures ab
140 K we used a thermostated flowing N2 gas apparatus; th
sample temperature measured by a copper-constantan
mocouple was stable to61 K.

Spin-lattice relaxation times were determined from the
covery of free-induction decay or echo signals after a sa
rating train of rf pulses. For1H and 2D NMR signals the
recovery curves were found to be exponential in the wh
temperature range studied. The relaxation of45Sc showed
deviations from the single-exponential behavior. Such de
ic
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tions are typical of relaxation of quadrupolar nuclear spins
systems with a strong static quadrupole interaction,11 where
rf pulses cannot cover the entire NMR spectrum. The val
of T1 for 45Sc reported here were all defined as the 1/e point
on the recovery curve. We were careful to measure the
covery curve over a wide range of times, in order to ens
that the nuclear magnetization was allowed to recover fu

III. RESULTS AND DISCUSSION

A. 45Sc relaxation

In metal-hydrogen systems the measured spin-lattice
laxation rateT1

21 for host-metal nuclei with nonzero quad
rupole moment usually results from a sum of contributio
due to conduction electrons (T1e

21) and due to the electric
quadrupole interaction modulated by H~D! hopping (T1Q

21).
Our estimates and the results of high-temperature relaxa
rate measurements12 show that for 45Sc in a-ScHx(Dx) the
magnetic dipolar contribution toT1

21 can be neglected, sinc
it is much lower than the quadrupolar one; hence

~T1
21!Sc5~T1e

21!Sc1~T1Q
21!Sc. ~1!

The electronic~Korringa! term is typically proportional to
temperature,T1e

215ReT, and does not depend on the res
nance frequency. Assuming that the spectral density fu
tions of the electric field gradient~EFG! fluctuations have a
simple Lorentzian form, the quadrupolar contribution in
powdera-ScHx sample can be written as12

~T1Q
21!Sc5

15p2x

49vSc
^GNN&2F y

11y2
1

4y

114y2G . ~2!

Here vSc is the 45Sc resonance frequency andy5vSctd ,
wheretd is the relevant mean residence time of a hydrog
atom in an interstitial site.̂GNN& is the average quadrupol
coupling constant of45Sc due to a nearest-neighbor hydr
gen. The relaxation rate is due only to Sc having near
neighbor protons, so that at low H contents it is proportio
to hydrogen concentrationx. The temperature dependence
(T1Q

21)Sc is expected to show a maximum at the temperat
Tmax at which the conditiony5vSctd'1 is satisfied. High-
temperature measurements of the45Sc spin-lattice relaxation
rate ina-ScHx at vSc/2p524 MHz ~Ref. 12! have revealed
such a maximum atTmax'500 K. This maximum results
from H jumps leading to long-range hydrogen diffusio
However, if long-range H diffusion coexists with localized
hopping with the characteristic timet l ~or t f) being much
shorter than td , one may expect an additional low
temperature relaxation rate maximum determined by the c
dition vSct l'1 ~or vSct f'1). Such an additional low-
temperature maximum was observed for the51V spin-lattice
relaxation rate in the Laves phase hydrides TaV2Hx(Dx),
which also shows fast localized H~D! motion.13,14

The results of our45Sc spin-lattice relaxation rate mea
surements fora-ScHx(Dx) at vSc/2p586.2 MHz are shown
in Fig. 1. As expected, for the hydrogen-free Sc the m
sured relaxation rate is approximately proportional to te
perature at T,100 K with Re5(T1eT)2150.80
60.01 s21 K21. This result is in general agreement wi
the low-temperatureRe values for polycrystalline Sc found
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by Narath (0.77 s21 K21)15 and Umemura and Masud
(0.63 s21 K21).16 Ross et al.17 have measured the45Sc
spin-lattice relaxation rate in single-crystal Sc and found
dependence ofT1e

21 on the angleu between thec axis and the
direction of the static magnetic field. Their experimentalRe
values at 77 K are 0.67 s21 K21 for u590° and
0.86 s21 K21 for u'55° ~‘‘magic angle’’!. It should be
noted that above 100 K the measured relaxation rate in
shows a downward deviation from linear behavior~Fig. 1!. A
similar deviation was reported by Umemura and Masuda;16 it
may be attributed to the peak in the density of electron st
near the Fermi level in Sc.18

As can be seen from Fig. 1, the behavior of (T1
21)Sc in the

H- and D-doped samples differs considerably from that
hydrogen-free Sc. The electronic contribution (T1e

21)Sc is
known todecreasewith increasing hydrogen content, theRe
values estimated from high-temperature45Sc relaxation rate
measurements ina-ScHx ~Ref. 12! being 0.57 s21 K21 for
x50.11 and 0.44 s21 K21 for x50.27. This means that th
enhancementof (T1

21)Sc revealed in our measurements f
the H- and D-doped samples in the range;40–200 K
should be ascribed to the quadrupolar contribution. The m
qualitative features of the behavior of (T1

21)Sc in this range
are as follows.

~1! For both H- and D-doped samples the amplitude of
relaxation rate anomaly increases with increasing H~D! con-
centration. Qualitatively, such concentration dependenc
consistent with thex dependence of Eq.~2!.

~2! The amplitude of the45Sc relaxation rate anomaly i
D-doped samples is much higher than in H-doped sample
comparable concentration. This unusual isotope effect
plies that the mean-square amplitude of EFG fluctuati
@caused by H~D! hopping# at Sc sites ina-ScDx is much
higher than ina-ScHx . The value of̂ GNN& is expected to be
the same in H- and D-doped samples if H and D ato
occupy the same interstitial sites, as is believed to be
case. Here we recall that H and D have the same charge
produce the same quadrupole interaction. Therefore, in o
to account for the strong difference in the mean-square
plitude of EFG fluctuations at Sc sites, we are forced to
conclusion that only a fractionp of H~D! atoms participates
in the fast localized motion, and that this fraction ina-ScDx
is considerably higher than ina-ScHx . One may estimate

FIG. 1. Temperature dependence of the45Sc spin-lattice relax-
ation rate in Sc,a-ScHx , anda-ScDx measured at 86.2 MHz.
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the relative fractionsp of H and D atoms involved in the fas
localized motion by comparing the maximum45Sc relax-
ation rates of ScHx and ScDx . Hydrided and deuterided
samples with the same concentrationsx are not available, so
the nearly linear dependence of the maximum relaxation
uponx is used to normalize the rates to equal concentratio
From the data of Fig. 2 one finds that the fraction of D ato
participating in the fast localized motion is approximately s
times as large as the fraction of H atoms.

Similar effects of isotope (H↔D) substitution on the am-
plitude of the low-temperature relaxation rate maximu
were observed for51V in TaV2Hx(Dx).

13,14 The maximum
motional contribution to the low-temperature51V relaxation
rate in the deuterides was found to be approximately th
times higher than in the hydrides with nearly the samex
values. These results were also interpreted19 in terms of dif-
ferent fractions of atoms participating in the localized m
tion, the value ofp for D being higher than that for H.

The results of QENS measurements ina-ScHx ~Ref. 8!
are consistent with a temperature-dependent fractionp
~growing with increasingT). The existence of ‘‘static’’ pro-
tons ~on the relevant frequency scale of the experiment! is
expected to arise from the H–H interaction leading to
formation of hydrogen pairs, as discussed in the Introd
tion. Only unpaired protons are likely to participate in th
fast localized motion.8 Because of the thermal activation, th
hydrogen pairs tend to disappear at high temperatures;
results in the growth ofp with increasingT. The temperature
dependence ofp can be rationalized by assuming the ex
tence of a certain energy gapDE between ‘‘static’’ and
‘‘mobile’’ hydrogen states.8 In terms of this approach, the
isotope effect observed in our (T1

21)Sc measurements implie
that the value ofDE for D is lower than for H. One may
assume that H~D! atoms become ‘‘mobile’’ when they are i
the excited vibrational states; in this case the inequa
DED,DEH would be quite natural.

The temperature dependence of (T1Q
21)Sc obtained by sub-

tracting the electronic contribution (T1e
21)Sc from the experi-

mental relaxation rate is shown in Fig. 2. At each tempe
ture the electronic contribution has been determined us
the high-temperatureRe values found by Hanet al.12 for
a-ScHx (x50.057, 0.11, and 0.27! or the interpolatedRe

FIG. 2. Temperature dependence of the motional contributio
the 45Sc spin-lattice relaxation rate ina-ScHx anda-ScDx at 86.2
MHz.
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values for otherx. We assume that theRe values for45Sc are
equal in ScHx and ScDx at equal concentrations,x. As can be
seen from Fig. 2, for all of the studied H- and D-dop
samples, the temperature dependence of (T1Q

21)Sc shows a
maximum below 150 K. The temperature of the maximum
the deuterided samples is higher than in the hydrid
samples with comparablex, and for both isotopes this tem
perature slightly increases with increasing H~D! content.

Two plausible explanations of this low-temperature ma
mum may be suggested. The first possibility has been
ready mentioned above; it implies that the frequency of
localized H~D! hopping,t l

21 , increases withT and at a cer-
tain temperature becomes approximately equal to the r
nance frequencyvSc. According to Eq.~2!, at this tempera-
ture the value of (T1Q

21)Sc is expected to show a maximum. I
this case the observed temperatures of the peaks indicate
the hopping rate of D atoms is lower than that of H atoms~at
a given temperature!, and for both isotopest l

21 decreases
weakly with increasingx. The second possibility is related t
the very fast localized H~D! motion with the characteristic
hopping ratet f

21 , much higher thanvSc. It is usually as-
sumed that such a motion gives a negligible contribution
the relaxation rate. However, this is not the case if the a
plitude of the fluctuating interaction is sufficiently large.
order to illustrate this point, we have calculated the behav
of (T1Q

21)Sc usingt f
21 values obtained from the QENS me

surements fora-ScH0.16.
7,8 For such tentative calculation

we have used Eq.~2! assuming that all H atoms participate
the motion and that the localized motion modulates one th
of the interaction modulated by the long-range diffusion
a-ScH0.27.

12 Thus, the value of̂GNN&2 is taken as 1/3 of tha
describing the peak in (T1

21)Sc at 500 K. The results of thes
calculations are shown in Fig. 3. Note that in this case
relaxation rate does not depend onvSc, and its maximum
results from thet f

21(T) minimum7,8 discussed in the Intro
duction. Comparison of Figs. 2 and 3 shows that the mec
nism related to thet f

21(T) minimum can, in principle, be
responsible for the observed (T1Q

21)Sc maximum in H-doped
samples. However, this mechanism appears to be too we
describe the larger observed relaxation rate maximum
D-doped samples. Therefore the low-temperature (T1Q

21)Sc

FIG. 3. The motional contribution to the45Sc spin-lattice relax-
ation rate ina-ScH0.27 calculated using the hydrogen hopping rat
t f

21(T) found from the QENS experiments~Refs. 7 and 8!. See the
text for details.
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maximum ina-ScDx should be determined by the usual co
dition vSct l'1. This conclusion is supported by the resu
of 2D spin-lattice relaxation measurements discussed in
next section.

B. 1H and 2D relaxation

The results of our high-field measurements of1H and 2D
spin-lattice relaxation rates ina-ScHx(Dx) are shown in
Figs. 4 and 5. The proton spin-lattice relaxation rate (T1

21)H

in metal-hydrogen systems can usually be described as a
of contributions due to conduction electrons, (T1e

21)H , and
due to internuclear dipole-dipole interaction modulated by
hopping, (T1d

21)H . It has been suggested5 that if only a frac-
tion of H atoms participates in the localized motion, a sing
value of the observed proton relaxation rate ina-ScHx may
result from the rapid equalization of spin polarization~spin
diffusion!, so that (T1d

21)H is proportional to this fraction. In
some metal-hydrogen systems an additional contribu
from cross relaxation between proton and quadrupo
nuclear spins20 is known to be important at low temperature
However, for proton spin-lattice relaxation rate ina-ScHx

FIG. 4. Temperature dependence of the proton spin-lattice
laxation rate ina-ScH0.11 anda-ScH0.27 measured at 354.12 MHz
The solid lines represent the linear fits to the data points aT
.150 K.

FIG. 5. Temperature dependence of the2D spin-lattice relax-
ation rate ina-ScDx . The dashed and the dotted lines represent
electronic ~Korringa! contributions fora-ScD0.05 and a-ScD0.22,
respectively.
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measured at high frequency~354 MHz!, the cross-relaxation
term should be negligible. The electronic~Korringa! contri-
bution (T1e

21)H is expected to be proportional to temperatu
As can be seen from Fig. 4, the experimental (T1

21)H data for
a-ScHx are roughly described by linear functions over t
whole temperature range of our measurements. Solid line
Fig. 4 represent the results of linear fits to the data aT
.150 K. The values of (T1T)H

21 resulting from these fits
are equal to 1131023 and 7.731023 s21 K21 for x
50.11 and 0.27, respectively. They are in good agreem
with the (T1eT)H

21 values derived from the high-temperatu
relaxation rate measurements12 in a-ScHx at 24 MHz (11
31023 and 8.331023 s21 K21 for x50.11 and 0.27, re-
spectively!. Therefore we can conclude that the proton rela
ation rates measured at 354 MHz are dominated by the e
tronic contribution.

Small systematic deviation of the data from the linear
~evident for ScH0.27 in the range 30–120 K! may be ascribed
to the motional contribution (T1d

21)H . Such a small motiona
contribution at 354 MHz could be expected on the basis
the low-frequency proton relaxation rate measurements
a-ScHx .5 In fact, the maximum (T1d

21)H value should be in-
versely proportional to the resonance frequency, if the ma
mum is determined by the conditionvHt l'1 @this is the
same inverse proportionality evident in Eq.~2!#. On the other
hand, one may expect that the relaxation rate measurem
at 354 MHz are sensitive to the very fast H motion with t
characteristic hopping ratet f

21 . However, our results indi-
cate that the contribution of this motion to the measu
proton relaxation rate is also very small. This is consist
with the results of QENS experiments7,8 showing that the
fraction of H atoms participating in the localized motion o
the frequency scale oft f

21 is less than 20% near 100 K.
The electronic contribution to the2D spin-lattice relax-

ation rate, (T1e
21)D , for ScDx can be obtained by multiplying

the (T1e
21)H value for ScHx with the samex by the factor

(gD /gH)2, where gD and gH are the gyromagnetic ratio
of 2D and 1H. The behavior of (T1e

21)D calculated in this
way using the (T1eT)H

21 values for ScHx ~Ref. 12! is shown
by lines in Fig. 5. As can be seen from this figure, in t
temperature range 30–180 K the experimental (T1

21)D val-
ues for ScD0.05 and ScD0.22 are considerably higher than th
corresponding electronic contributions. The excess re
ation rate shows a maximum near 100 K, as is expecte
result from the localized motion of deuterium. In addition
the dipole-dipole contribution (T1d

21)D , the motional relax-
ation rate of2D should also contain a quadrupole contrib
tion (T1Q

21)D . The amplitude of the peak in the2D relaxation
rate ina-ScDx is not strongly dependent on deuterium co
centration~Fig. 5!. This feature is common for those meta
deuterium systems in which both the dipolar fields and e
tric field gradients at D sites originate mainly from the me
sublattice.21 Solid solutionsa-ScDx are expected to belon
to such systems. In connection with this, we contrast thx
dependence of the motional contributions toT1

21 of 45Sc and
2D: for 45Sc, the spin heat capacity is independent ofx,
while for 2D the spin heat capacity is directly proportional
the D-atom content,x. Thus, if the fraction of D atoms par
ticipating in the localized motion is constant, theT1

21 of 2D
.
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l

will be independent ofx and theT1
21 of 45Sc will vary lin-

early with x. Both of these predictions are in approxima
accord with the data, indicating that the fraction of D atom
involved in the local motion is nearly independent ofx.

For ScD0.22 the 2D relaxation rates have been measured
two frequencies, 30.7 and 54.36 MHz. The observed chan
of the relaxation peak with the resonance frequencyvD are
typical of cases in which the motional relaxation peak
determined by the conditionvDt l'1: with decreasingvD
the peak shifts to lower temperature and its amplitude
creases. It should be noted, however, that the observed
quency dependence of the motional relaxation rate on
low-temperature slope of the peak is weaker than the
pectedvD

22 dependence. This may indicate the existence o
distribution of hopping rates22 and/or the presence of add
tional relaxation mechanisms contributing to the peak a
having weaker frequency dependences. Comparison of
positions of 2D and 45Sc relaxation rate maxima for th
same samples supports the idea that both the2D and 45Sc
peaks ina-ScDx are determined by the same motional pr
cess. In fact, the temperatures of the maxima in the motio
relaxation rates of2D at 54.36 MHz are 98 and 138 K fo
ScD0.05 and ScD0.22, respectively; the corresponding tem
peratures of the45Sc maxima at 86.2 MHz are 106 and 14
K. Taking into account the different resonance frequenc
and the uncertainty of experimental determination of
peak position, we may conclude that both the2D and 45Sc
relaxation rate peaks ina-ScDx originate from the localized
motion of D atoms with the hopping ratet l

21 , which passes
through the spin precession frequency (vD of order of 3
3108 s21) nearT'100 K.

IV. CONCLUSIONS

Measurements of the temperature dependence of the45Sc
spin-lattice relaxation rate ina-ScHx(Dx) have revealed pro-
nounced deviations from the Korringa behavior of the rela
ation rate in the range 30–200 K. The excess relaxation
shows a peak near 100 K ina-ScHx and near 110–140 K in
a-ScDx and can be attributed to fast localized motion
H~D! atoms. The most intriguing feature of our data is t
strong effect of isotope (H↔D) substitution on the ampli-
tude of the45Sc relaxation rate peak: the peak amplitude
a-ScDx is found to be much higher than ina-ScHx with
comparablex value. These results indicate that the fraction
D atoms participating in the fast localized motion ina-ScDx
is considerably higher than the corresponding fraction o
atoms ina-ScHx . Based on a comparison of the maximu
45Sc relaxation rates normalized to the same concentratiox,
it is estimated that six times as many D atoms are involv
as H atoms.

The temperature dependence of the2D spin-lattice relax-
ation rate ina-ScDx also shows a peak near 100 K. O
results suggest that both the2D and 45Sc relaxation rate
peaks ina-ScDx are determined by the same motional pr
cess, with characteristic frequencyt l

21 increasing with tem-
perature and passing through 33108 s21 near 100 K. For
a-ScHx the situation is more complicated since the motion
contributions to the1H and 45Sc relaxation rates are found t
be small both at 354 MHz (1H) and 86.2 MHz (45Sc). In
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particular, the high-frequency measurements of the pro
relaxation rate have not revealed any significant contribu
from the very fast H motion with hopping ratet f

21 , as found
in the QENS experiments.7,8 This is consistent with a sma
fraction of H atoms participating in the localized motion o
the frequency scale oft f

21.731010 s21 at low tempera-
tures. The fraction of H atoms participating in the motion
the frequency scale oft l

21;108 s21 also appears to be
small.

The observation of a large H–D isotope effect has a s
stantial impact on the interpretation of neutron scatter
data in this system. All of the neutron diffraction and diffu
scattering data that reveal the structural nature of the pai
and further short-range ordering have been from deuter
material. The quasielastic neutron scattering data that m
tor the hydrogen dynamics all refer to the hydrided mater
The large isotope effect in the NMR relaxation data repor
here indicates that the neutron data refer todifferent physical
systems.

Our results show that the picture of the low-temperat
localized motion of H~D! atoms in a-ScHx(Dx) is more
complicated than originally thought. Any microscopic mod
sd
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of the localized hydrogen motion in this system should
count for the strong effect of isotope (H↔D) substitution on
the fraction of atoms involved in the motion. In order
clarify the picture of the localized H~D! motion in
a-ScHx(Dx), it would be helpful to study the frequency de
pendence of the45Sc relaxation rate and to perform high
resolution quasielastic neutron scattering measurements
sitive to a motion on the frequency scale of 108–109 s21.
Such experiments are in progress now.
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