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Nuclear magnetic resonance measurements of*#Be spin-lattice relaxation rates in the solid solutions
a-Schy g5, @-Schy,,, and a-ScH, »; have been performed over the temperature range 4.2—-299 K and the
resonance frequency range 11—-86.2 MHz. For all of the samples studi¢dStheslaxation rate shows a peak
near 100 K resulting from the electric quadrupole interaction modulated by localized hoppin® patdms.

In addition to the strong effect of isotope {+D) substitution on the amplitude of this peak, with a larger peak
appearing in the deuterides, we have found that in the region of the peak, the frequency dependerff8of the
relaxation rate forae-ScH, ;7 is much weaker than fow-ScD,. These results indicate that the hopping rate
distribution for H atoms in scandium is shifted to much higher frequencies from that for D atoms. The results
of our high-resolution quasielastic neutron-scattering measuremenasSrH, »; in the temperature range
12-302 K are consistent with this conclusion.
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. INTRODUCTION limited energy resolution (7@eV), these QENS experi-
ments could not detect the slower H motion found by

The behavior of hydrogen in Sc and the related hcp metalsiIMR.>® Since the low-temperature localized hydrogen mo-
Y and Lu shows a number of unusual features. In contrast ttion in Sc is likely to be of quantum origihpne may expect
most metal-hydrogen systems, hydrogen in Sc¥H, , and  pronounced effects of isotope (HD) substitution. The first
LuH, is not precipitated into a hydride phase at low tempera€xperimental evidence of isotope effects on hydrogen motion
tures; it remains in the solid-solutione) phase up tox  in @-ScH(D,) has been obtained from ultrasonic measure-
—0.2-0.3. It is believed that the phase stabilization is ments in the 1 MHz range on Sghkand Sc@ ;5.° In these
related to the peculiar short-ranged ordering of hydrdgén, experiments, low-temperature ultrasonic attenuation peaks
which develops with decreasing temperature. Neutrorhave been found near 25 K for Sghi and near 50 K for
diffraction” and diffuse scatterifg measurements have ScDis. The results have been interpreted in terms of a two-
shown that hydrogen occupies only the tetrahedral interstitidevel-system model involving tunneling between asymmetric
sites in the hcp Sc lattice and tends to form next-nearessites, the model parameters being strongly isotope
neighbor pairs with a bridging metal atom in theaxis di- dependent.
rection. As the temperature is lowered, these pairs arrange Recent NMR measurements of tfSc spin-lattice relax-
themselves into a longer-range structure, predominantiation rate T;%)sc in a-ScH(D,) at 86.2 MHZ° have re-
along thec direction. However, truly long-range order is not vealed dramatic isotope effects on the localized hydrogen
achieved in these systems. motion. The main motional contribution toT{ %), origi-

The dynamical properties of hydrogen in Sc are also quiteates from the electric quadrupole interaction modulated by
remarkable. Nuclear magnetic resonab#R) measure- H(D) hopping. This mechanism is expected to lead to a
ments of the proton spin-lattice relaxation rafg; ¢), in (T Y scpeak at the temperatufig, ,, at which the hydrogen
a-ScH, and the related systertfshave revealed a localized hopping rater; * becomes nearly equal to tHéSc resonance
H motion with the characteristic hopping ratg* of about  frequency ws,. Since for the quadrupole interaction only
10° s at 50 K. This localized motion is evident from an charge fluctuations are important, H and D atoms are ex-
additional frequency—dependenﬂ'ﬂl)H peak at low tem- pected to give the same contributions to the host-metal re-
peratureg35—-80 K). The structure of the sublattice of tetra- laxation rate, if their motional parameters are the same.
hedral interstitial sites in a hcp metal suggests that the locaHowever, the measured amplitude of the low-temperature
ized H motion corresponds to hopping between the neares{T; ). peak fora-ScD, samples appears to be much higher
neighbor sites, separated by about 1.0 A in thdirection.  than for «-ScH, samples with comparable hydrogen
Quasielastic neutron-scatterinQENS measurements on content'® This unusual isotope effect indicates that the frac-
a-ScH/® have revealed the existence of a still faster local-tion of D atoms participating in the localized motion on the
ized H motion with the hopping ratef_1 passing through an frequency scale of,‘l in a-Sch, is approximately six times
apparent minimum of about>710'° s near 100 K and larger than the corresponding fraction of H atoms in
increasing to 1& s ! at 10 K. However, because of the a-ScH,. The results of Ref. 10 show that the picture of the
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low-temperature localized motion of (B) atoms in stable to+0.1 K, as measured by a thermocouple and a
a-ScH(D,) is more complicated than originally thought. calibrated carbon-glass resistor thermometer. At tempera-
The main unsolved problems may be summarized as followsuyres above 140 K a thermostated flowing das apparatus

(1) What is the origin of the two frequency scales of thewas used; the sample temperature was measured by a
localized H hopping ine-ScH? It is likely that the faster copper-constantan thermocouple and was stable ToK.
frequency scale; ! corresponds to the hopping ohpaired Spin-lattice relaxation times were determined from the re-
protons® Therefore, it would be natural to ascribe the slowercovery of free-induction decay or echo signals after a satu-
scale rfl to the hopping of protons involved in pairing. rating train of rf pulses. The typical length of the 90°-pulses
However, the'H NMR dat& indicate that only a small frac- was between 1.0 and 1/5s. At temperature below 250 K
tion of protons participate in the slower local motion, while the %°Sc relaxation showed deviations from single-
most of hydrogen atoms are believed to be paired at lovexponential behavior. Such deviations are typical of relax-
temperature$:® This suggests that only a part of paired pro- ation of quadrupolar nuclear spins in systems with a strong
tons are involved in the slower local motion. static quadrupole interactidd,where rf pulses cannot cover

(2) What mechanism is responsible for the strong isotopehe entire NMR spectrum. The values®f for 4°Sc reported
dependendd of the fraction of atoms participating in the here were all defined as theelgoint on the recovery curve.
localized motion on the frequency scalemTl? It should be We were careful to measure the recovery curve over a wide
noted that similar effects of isotope (kD) substitution on  range of times, in order to ensure that the nuclear magneti-
the fraction of atoms participating in the localized motion onzation was allowed to recover fully.
the same frequency scale have been observed for the Laves QENS measurements were performed on the high-
phase hydrides TayH,(D,).'**?It is plausible that the iso- resolution backscattering spectrometer BSS1 in Forschung-
tope effects ina-ScH(D,) and Ta\bH,(D,) are governed szentrum Jiich. This spectrometer uses &Bil) monochro-
by a common mechanism. mator and analyzers selecting the neutron wavelength

In order to clarify the picture of the localized(Bl) mo-  =6.271 A. The range of energy transfew in our experi-
tion in a-ScH,(D,), it would be helpful to probe this motion ments was- 16 neV, the energy resolution full width at half
by microscopic techniques covering a wide frequency rangemaximum being about 1.2eV. Nine analyzers covered the
In this work we report the results of th&Sc spin-lattice  range of momentum transférQ corresponding ta& range
relaxation rate measurementsdRScD, g5, @-ScDy,,, and  of 0.16-1.88 A1, The powdereda-ScH,,; sample was
a-ScH, ,; over the temperature range 4.2-299 K and theplaced into a flat Al container with a depth of 0.8 mm. The
resonance frequency range 11-86.2 MHz. These resul@gane of the container was oriented along the direction 2
complement our earlierT(; *) s, datd® at 86.2 MHz. We also  ~80°. QENS spectra were recorded at eight temperatures
report high-resolution quasielastic neutron-scattering meabetween 12 K and 302 K. For normalization of the data we
surements ine-ScH, ,;. These measurementsensitive to  used QENS spectra obtained on a standard vanadium sample
hydrogen motion on the frequency scale of100° s 1) at room temperature. The background spectra were measured
form a bridge between the NMR and the intermediatefor the empty container in the same experimental geometry

resolution QENS?® experiments. as for the sample.
Il. EXPERIMENTAL DETAILS Ill. RESULTS AND DISCUSSION
The samples of-ScH, and a-ScD, were prepared from A. **Sc spin-lattice relaxation

high-purity Ames LaboratoryMaterials Preparation Cenjer The results of our*>Sc spin-lattice relaxation rate mea-
scandium metal having a total rare-earth impurity content o§rements fora-Schy g5, a-Schy,,, and a-ScH,,; are
less than 5 ppm and an iron content of less than 13 ppm. Thehown in Figs. 1, 2, and 3, respectively. For both deuterided
preparation procedures for the powdered samples have beggmples the main feature of the data is the frequency-
reported previousl. dependent peak of the relaxation rate. For §grsuch a

Measurements of th&Sc spin-lattice relaxation imek;  peak is weaker, and its frequency dependence is also much
at the frequencies/27= 11 and 21.8 MHz were made using weaker than for the deuterided samples.

a modernized Brukel: SXP Spectrometer. The magnetic f|e|d In metal_hydrogen Systems the measured Spin_'attice re-
was produced by an iron-core electromagnet with NMR fieldjaxation rate for host-metal nuclei with nonzero quadrupole
stabilization. The probehead with sample was placed into afoment usually results from a sum of contributions due to
Oxford Instruments CF1200 continuous-flow cryostat usingqnduction electronsTt) and due to the electric quadru-

e

helium or nitrogen as a cooling agent. The sample temper 50le interaction modulated bv(B) hoobina T=1): hence
ture, monitored by a chroméRu-Fe) thermocouple, was L2 y(B) hopping (To);

stable to+0.1 K. -1y _ -1 -1

Measurements of th&°Sc T, at w/27=86.2 MHz were (T1 s (Tre)sct (Trg)se- @
made using a Chemagnetics CMX360 spectrometer conFhe estimated magnetic dipolar contribution to thsc re-
nected ® a 1 kWitransmitter. The magnetic field of 8.4 T was laxation rate ina-ScH,(Dy) appears to be much smaller than
produced by a 89-mm-bore superconducting solenoid. Tenthe quadrupolar one; therefore, the dipolar contribution can
peratures below 140 K were achieved with a research Dewdre neglected. The electroniorringa) term is typically pro-
built by Kadel Inc. In this range the sample temperature wagortional to temperatur§,1_61= R.T, and does not depend on
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FIG. 1. Temperature dependence of 8¢ spin-lattice relax- FIG. 3. Temperature dependence of i8¢ spin-lattice relax-
ation rate ina-Schy, os measured at 21.8 and 86.2 MHz. The dashedation rate ina-ScH, ,; measured at 11, 21.8, and 86.2 MHz. The
line shows the estimated electronic contribution to the relaxatiordashed line shows the estimated electronic contribution to the re-

rate. laxation rate.

the resonance frequency. In order to evaluate the electronic 4
contribution, we have used the, values found from the (Tid)se= < )2 Y 2
high-temperature**Sc relaxation rate measureméfit$or Q 49wg 1+y 1+4y2

a-ScH, (x=0.057, 0.11, and 0.27 These measurements
show thatR, decreases approximately linearly with increas-wherey=wg7q, 74 is the relevant mean residence time of a
ing hydrogen content, from 0.60 K~ ! for x=0.057 to  hydrogen atom in an interstitial site, agHyy) is the aver-
0.44 s 1K1 for x=0.27. We assume that thi®, values for age quadrupole coupling constant BBc due to a nearest-
4°sc are equal in ScHand Scl) at equal concentrations, neighbor hydrogen According to E@2), the temperature
and use the interpolated value fox=0.22, R, dependence ofT(lQ)SC is expected to show a maximum at
=0.48 s1K™L. The electronic contributions estlmated in the temperatur@ ,,,, at which the conditiory= wggrg~1 is
this way are shown by the dashed lines in Figs. 1-3. satisfied. High-temperature measurements of f8t spin-
Assuming that the spectral density functions of the localattice relaxation rate im-ScH, at ws/27 =24 MHZ** have
electric-field-gradient(EFG) fluctuations have a simple revealed such a maximum &t,,~500 K (well above the
Lorentzian form, the quadrupolar contribution to the&Sc  temperature range of the present workhis maximum re-
relaxation rate in a powder-ScH(D,) sample with lowx  sults from H jumps leading to long-range hydrogen diffu-

can be written a4
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FIG. 2. Temperature dependence of i8¢ spin-lattice relax-
ation rate ine-Schy ,, measured at 21.8 and 86.2 MHz. The dashed
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sion. However, if long-range H diffusion coexists with local-
ized H hopping with the characteristic time being much
shorter than 7y, one may expect an additional low-
temperature relaxation rate maximum determined by the con-
dition wggry=1. Such an addltlonaH(lQ)sC maximum in
a-ScH(D,) has been found in our previous experiments at
wsd2m=86.2 MHz° the correspondind ., values being

in the range 100-130 Ksee Figs. 1-8 Equation(2) with
y=wg7 predicts the following asymptotic behavior of the
relaxation rate: '['l_Ql)SC is proportional tor; (being fre-
quency independentn the limit of fast motion y<1) and

to ws2m *in the limit of slow motion (/>1).

The temperature dependence ﬁf[@SC obtained by sub-
tracting the electronic contributiond ') 5. from the experi-
mental relaxation rates is shown in Fig. 4. The main features
of the behavior of qu)SC are as follows.

(i) The amplitude of the TlQ)SC peak in a-ScD, in-
creases with increasing D content. In agreement with(Bqg.
this amplitude appears to be nearly proportionak.to

(ii) The amplitude of the‘(l‘Ql)SC peak in ScH ,;is much

line shows the estimated electronic contribution to the relaxatiodlower than in Scl,, (see Fig. 4, despite the somewhat

rate.

higher hydrogen concentration in the hydride. This dramatic
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FIG. 4. Temperature dependence of the motional contribution to ) o ) ) )
the %55¢ spin-lattice relaxation rate ia-ScDy g5, a-ScDy 2, and FIG. 5. Motional contributions to th&Sc spin-lattice relaxation

a-ScH, ,7at 21.8 and 86.2 MHz. This is the data of Figs. 1, 2, angrate ina-Schy 5, at 21.8 and 86.2 MHz as functions of reciprocal

3 after subtraction of the electronic contributions to the relaxationfémperature. The solid lines represent the simultaneous fit of the
rates. model with a Gaussian distribution of activation energies to the data

(see text for details
isotope effect first reported in Ref. 10 implies that the mean-
square amplitude of EFG fluctuatiofia the frequency range the temperature of the relaxation rate maximum, becomes
aroundwsgy at Sc sites in Schhy is much smaller than in  approximately equal to the resonance frequeagy. This
Schy,,. Since H and D atoms are believed to occupy theconclusion is supported by the results 1@ spin-lattice re-
same interstitial sites, the value @fy,) should be the same laxation rate measuremeHtsshowing that for a-ScD,
for @-ScH, and a-ScDy . Therefore, in order to account for samples with the samethe maxima of T, Y5 and ("I'l_l)sC

the strong difference in the mean-square amplitudes of EFGt comparable frequencies occur in the same temperature
fluctuations in terms of Eq2), we have to assume that only range. |f7-|’1 follows the Arrhenius relation,
a fractionp, of H(D) atoms participates in the localized mo-

tion on the frequency scale @fs., and that this fraction in 7 t=1otexp — EL/ksT), 3
a-ScH, is considerably smaller than mi-ScD, , as discussed
in Ref. 10. where E'a is the activation energy for the localized motion,

(iii) For @-Sch,, the observed changes iFflTQl)Sc with  then Eq.(2) predicts that the plot of Iogng)Sc vs T lis
the resonance frequenays. are in qualitative agreement linear both in the limit of fast motiony<1) and in the limit
with Eqg. (2): on the low-temperature slope of th§17$)SC of slow motion />1) with the slopes E'a/kB and
peak the relaxation rate increases with decreasigg and —EL/kB' respectively.
on the high-temperature slope of the peak this frequency de- The experimental logid)s, vs T~* plot for ScDy; is
pendence disappears. However, the observed frequency dghown in Fig. 5. It can be seen that for both resonance fre-
pendence of Tyg)s. is considerably weaker than that pre- quencies the low-temperature slope of this plot is much less
dicted by Eg.(2). For example, the peak amplitude is steep than the high-temperature slope. Such an asymmetry as
expected to be proportional toss . Thus, the expected ratio well as the weak frequency dependence of the relaxation rate
of the maximum Q’l’Ql)SC values at 21.8 and 86.2 MHz is [feature(iii) of the datd can be accounted for by a model
86.2/21.8=3.95, whereas the corresponding experimental raemploying a distribution ofr * (or E}) values>*® In this
tios are 1.6 for Schys and 2.4 for Sclp,,. The observed model the motional contribution to the relaxation rate is cal-
frequency dependence oﬂ'{Ql)SC on the low-temperature culated as
slope of the peak is also considerably weaker tharm@é
S)e_pggdence expected in this range, being approximately TISZJTIS(EL)G(E;)dEL, 4)

iv) For Sc , the frequency dependence af,{3) s is ) _ o
mu(ch)weakerl_thZn for qugz. In %lact,ghe ratio of tl;%)ﬁﬁaxi- wb;are?(fi'a) is the normalized distribution d, values, and
mum (Tl‘é)chalues at 21.8 and 86.2 MHz in Sghtis only T1o(Ey) is defined by Eqs(2) 'and(3). For parametrization
1.17, and the measured relaxation rates at 11 MHz are ve®§f the data near the rela>§at|on| rate peak we have used a
close to those at 21.8 MH®ee Fig. 3 aussian distribution functioB(Ey). Tﬁe model parameters

Summarizing the main features of the behavior of theare(I'yy)?, the preexponential factari,', the average acti-
5S¢ relaxation rate, we can conclude thatarScD, the  vation energyE'; and the distribution widthlAE. (full width
relaxation rate peak results from the usual mechanism. Thust half maximum. These parameters are varied to find the
the deuterium local hopping rate Lincreases witi and, at  best fit to theTl‘Ql(T) data at two frequencies simultaneously.
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Since such a model cannot describe the break in the slope stribe it in terms of a Gaussian distribution of activation
the Iong’Ql vs T~ plots near 230 Ksee Fig. 5, the data for ~ energies resulted in distribution widths comparable to the
T>230 K have been excluded from the fitting. The results ofaverage activation energies.

the simultaneous fit are shown as solid lines in Fig. 5, the fit Another possible scenario that may lead to a relaxation
parameters beingfolz 101s 1 E_Ia: 47 meV, andAE'a rate maximum with weak frequenc_:y dependence is related to
— 15 meV. As can be seen from Fig. 5, although the mode motion between unqualé)é)tentlal_well_s. Such motion may
describes the main qualitative features of the data in th e relevant to hydrogen in Sc,especially if we consider the

_ Rase of a hydrogen atom jumping out of thaired configu-
range 37-230 K, the observed frequency dependentedf ation. In this case, the expression for the relaxation rate

?s still spmewhat weaker than that suggested by the fit. It_ i$ontains the reduction factor s@CA/2ksT), T BwhereA is
interesting to compare our data on the deuterium hoppinghe difference between H site energies in the two wells. Since
rate with the results of ultrasonic measurements in the ine reduction factor decreases rapidly with decreasing tem-
MHz range? which have revealed the attenuation peak inperature, the relaxation rate peak may occur in the tempera-
Sch, 15 near 50 K. Using our fitted values af,* andEg for  ture range where| > wg if this decrease becomes faster
Schy », we find that the most probable value gf' at 50 K than the increase i, ! due to the slowing of H motion. In
is 1.8x10° s7%, i.e., just in the 1 MHz range. Therefore, most cases these conditions are difficult to méétowever,
both the *°Sc relaxation rate peak and the ultrasonic attenuin the case of localized H motion in-ScH,, two factors
ation peaR in a-ScD, are likely to result from the same mMmake this scenario reasonable. First, the effective value of
motional process. is expected to increase with decreasihgas typical of an
The break in the slope of the I6§§ vs T~ plot near 230 ordering transition. This leads to a faster decrease in the
sec(A/2kgT) factor, as compared to the case of

K is probably related to deuterium orderifgairing) in this / ey
éemperature—lndependem. Second, the decrease i

temperature range. A similar feature has been found for the” )
with decreasing temperature may be slower than that de-

proton spin-lattice relaxation rate i-ScH.> in the region _ ; . S
180-210 K; it has been attributed to the change in the elec3Cribed by the Arrhenius relation. Such a behavior is ex-

tronic contributionTl‘el due to hydrogen ordering. pected if the localized motion of protons is dominated by

. 5 . quantum effects.
The behavior of the**Sc relaxation rate for Sgt; can Our results suggest a strong difference between the fre-

hardly be described in terms of the same mechanism as f(?:[uency distributions for the localized hopping of H and D
a-Sch,. The unusually weak frequency dependence Oftoms in scandium. For D atoms at 100 K the distribution
(T1 %) sc for ScHy o7 in the range 40-120 KFigs. 3 and ¥ maximum is close to ¥0s~ %, whereas for H atoms the dis-
suggests that the relaxation rate in this region is dominategtibution maximum appears to be shifted to much higher fre-
by somefrequency-independerdontribution. One possible quencies, so that only the low-frequency tail of this distribu-
wscindependent contribution toTQQl)SC has been proposed tion can be probed by NMR measurements. A strong
in our previous work? It is related to the very fast localized difference between the parameters of the localized hopping
H motion with the characteristic hopping ratg*, much ~ of H and D atoms has also been found in recent measure-
higher than ws,, as observed by quasielastic neutronments of the lJllgresonlc attenuation in Laves-phase,g\(g
scattering® Although such a motion withr; '> wg, is usu-  @nd TaWDos7" in the frequency range of 1 MHz. For
ally assumed to give a negligible contribution to the relaX_Taszoﬂ the ultrasonic attenuation exhibits a peak near 25

ation rate, this may not be true if the amplitude of ﬂuctuatingKh' WE'Ch can be attnbulted to ﬂ:e Iocr?hzeld motion ]?f D with
interaction is sufficiently large. The estimatébased on Eq. the hopping rate nearly equa to the ultrasonic frequency.
(2) and the experimentalf_l(T) data for Sci 1" show that Howeve_r, for TaMH, 15 N0 evidence of a low-temperature
this contribution can account both for thelf)osition and theattenuaﬂon peak has been found down to $'fthe results

) 1 . . of these experiments suggest that the rate of local hopping of
amplitude of the observedi{q)s. peak in SC'.d” (Se‘? F'g‘ H atoms remains well above 1 MHz down to the lowest
3 of ReI. 10. It ehould be noted that, felr this c_optrlbutgon, temperature of the measurements.
the (T1g)sc maximum results from the *(T) minimund’
near 100 K; we recall that this minimum jump rate was
found to be of order of 18 s 1, greatly exceedingvg.
Thus, the low-temperaturéSc relaxation rate peaks in the  For the case of spatially confinétbcalized atomic mo-
D-doped and H-doped samples are evidently of different nation within pairs of sites, the incoherent neutron-scattering
ture. We cannot exclude the possibility that a certain fractiorfunction can be written in the forff
of H atoms also participates in the motion on the slower L ow
frequency scale; * (being close tows, near 100 K; how- Sinc(Q @) =€ THAg(Q) 8(@) +[1=Ao(Q)JL(w,I)},
ever, the weak fre d d indi ®)

) guency dependence Bfg)()Sc indicates
that such a fraction must be quite small. This is consistenwheree 2V is the Debye-Waller factod(w) is the elastics
with the small amplitude of thé'H spin-lattice relaxation function, L(w,I’) is a quasielastic Lorentzian of half-width
rate peak icx-ScH, .° The frequency dependence of the pro-I', and Ay(Q) is the elastic incoherent structure factor
ton relaxation rate peak ia-ScH, in the region of the peak (EISH. The value ofl" is proportional to the atomic hopping
was also found to be rather weak, and the attempts to deate, andA(Q) contains information on the geometry of the

B. Quasielastic neutron scattering
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FIG. 6. Quasielastic neutron-scattering spectra measur€l at
=1.88 A™* for vanadium reference sampld €300 K) and for FIG. 7. Temperature dependence of the integrated elastic line
a-Schy,7 (T=12 and 148 K The spectra are normalized to the jniansities aD=1.88 and 0.41 A®. The intensities are normalized
same maximum intensity. There is no discernible broadening of thg, hair corresponding values at 12 K.

ScH, »7 spectra.

the temperature dependence of the elastic line intensity for
localized motior’® To be compared to the experimental Q=1.88 A~* and 0.41 A%, It can be seen that at lo@ the
QENS spectraS,,(Q,w), the model scattering function intensity is nearly temperature independent, whereas at high
Sinc(Q,w) defined by Eq(5) should be convoluted with the Q the intensity decreases substantially with increasing tem-
instrumental resolution functioR(Q, w). perature. Note that the decrease in the intensityQat

We have not found any signs of quasielastic line broaden=1.88 A™! is considerably greater than that resulting from
ing for a-ScH, 7 in the studied temperature range 12—-302the Debye-Waller factor. Using the inelastic neutron-
K. The shape of the observed QENS spectra in this range iscattering data on the hydrogen vibration frequencies in
well described by the instrumental resolution function a-ScH2! we have estimated the Debye-Waller factorQat
R(Q,w). As an example of the data, Fig. 6 shows the QENS=1.88 A"* to be 0.945. Similar temperature dependence of
spectra alQ=1.88 A"! for vanadium and fo-ScH,,; at  the EISF has been found in the intermediate-resolution
12 K and 148 K. These spectra are normalized to the sam@ENS experiments oa-ScH,.”®In order to account for the
maximum intensity. As can be seen from Fig. 6, even for theobserved temperature dependence of the EISF, we have to
highest Q value the shapes of the QENS spectra forassume that only a fractigoy of H atoms participates in the
a-ScHy,; at T=12 K and 148 K do not differ from the localized motion on the frequency scale qu, and this
shape of the spectrum for vanadium that represents the resfraction increases with temperature. The fraction (d; of
lution function. These results indicate that the majority of H*“static” protons can be identified as the fraction of protons
atoms do not show any motion in the frequency range liminvolved in pairing’®
ited by about one third of the resolution half-width  Taking into account the fraction of “static” protons, the
(0.2 eV, ie., 1.5<10° s™* in frequency unitsfrom below  orientationally averaged form of the EISF for the hopping
and by about one half of the maximum energy transfemwithin pairs of sites separated by a distan®is given by
(8 eV, i.e., 6x10° s 1) from above. Taking experimental
uncertainties into account, the upper limit of the fraction of [oF .

H atoms participating in localized motion in this frequency Ao(Q)=1=pi+ 5 [1+]o(Qd)], (6)
range afT<302 K can be estimated as 7%.

However, our high-resolution QENS results appear to bavherejy(x) is the spherical Bessel function of zeroth order.
consistent with the existence of a localized H motion on arhe experimenta dependence of the EISF fer-ScH, ,;
faster frequency scaler{').”® If the characteristic fre- has been found from the elastic line intensities normalized
guency of a localized motion exceeds the width of the instruwith respect to the corresponding intensities for vanadium.
mental frequency “window” (- 16 weV in our casg this  The data have been corrected for the host-m&ael contri-
motion gives rise to a flat backgrourthstead of a quasi- bution which is responsible for about 17% of the incoherent
elastic ling in the observed spectrum. Therefore, such a moscattering cross section ofScH, ,7. Figure 8 shows th€&
tion cannot be detected from the shape of a QENS spectrulependence of the EISF @t=302 K. The fit of Eq.(6) to
which contains only the elastic line. However, the presencéhese data yieldg;=0.95+0.05 andd=1.02+0.04 A; the
of the high-frequency motion affects tirgensityof the elas-  result of the fit is shown by the solid line in Fig. 8. Note that
tic line, leading to the loss of intensity at high In fact, as the fitted value ofd is in excellent agreement both with the
can be seen from Ed5), the behavior of the elastic line structural dath (giving 1.03-0.03 A for the distance be-
intensity is determined by the EISKy(Q). Figure 7 shows tween the nearest-neighbor tetrahedral sitesxiBcDy 39
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1.2 strong deviations from the Korringa behavior of the relax-
ation rate in the temperature range 25-230 K. The excess
1.0 relaxation ratel 1’5 showing a peak near 100 K can be attrib-
I uted to the electric quadrupole interaction modulated by a
08l localized motion of HD) atoms. In addition to the strong

effect of isotope (K- D) substitution on the amplitude of the
Tl’é peak, with a much stronger peak in the deuteride, we

LQL 06r ScH, ,, have found that in the region of the peak, the frequency
w dependence o’I‘l_Q1 for @-ScH, ,; is much weaker than for
04r  T=302K a-ScD,. The behavior of thé®Sc relaxation rate im-ScD,
I can be described by a model employing a distribution of D
02F hopping ratesr; *, with the most probable; ! value in-
creasing with temperature and passing through*tBe reso-
0.0 : ! . ! . ! : L nance frequency near 100 K. However, such a description is
0.0 0.5 1.0 1.5 2.0 not applicable to thé®Sc relaxation rate data far-ScH, 7.
Q (A'1) Our results suggest that the maximum of the hopping rate

distribution for H atoms is shifted to much higher frequen-

FIG. 8. The elastic incoherent structure factorde6cH, ,;as a  cies from that for D atoms. Hence, only a tail of this distri-
function of Q at T=302 K. The solid line represents the fit of the bution can be probed by NMR measurements on the
two-site mode[Eq. (6)] to the data. H-doped samples. A large difference between the character-

istic hopping rates of H and D atoms is consistent with a
and with the results of the intermediate-resolution QENSquantum origin of the localized hydrogen motion in scan-
measuremenigd=1.02+0.02 A for a-ScH, ;¢. The fitted  dium.
value of ps indicates that aff =302 K nearly all protons High-resolution quasielastic neutron-scattering measure-
participate in the localized motion on the frequency scale oments one-ScH, ,7in the temperature range 12—302 K have
rf’l. It should be noted that the available experimei@al not revealed any additional line broadening on the energy
range(with the maximumQ value of 1.88 A1) is not suf-  transfer scale of 0.2—eV. In agreement with thé"®Sc
ficient to trace the EISF described by E®) to the first relaxation rate data, these results show that most H atoms in
minimum of the Bessel function. Therefore, the fit presentedy-ScH, ,; do not participate in the motion on the frequency
in Fig. 8 may not seem impressive. However, for fixéd scale of 16—1¢F s at low temperatures. However, the be-
values considerably exceeding 1 A the fits become definiteljavior of the elastic line intensity for this sample as a func-
worse, since the fitting curves start to show the inflectiontion of T andQ indicates the presence of localized H motion
point and leveling off aQ>1.6 A~!, whereas no such fea- on a faster frequency scale.
tures are seen in the experimental data. For fidedilues
being less than 1 A the fits result i} values exceeding 1,
which is unphysical.

Thus, the results of our high-resolution QENS measure- We thank Forschungszentrumligh for generous alloca-
ments support the conclusion that only a small fractiontion of neutron beam time and for technical support during
of H atoms ina-ScH, ,; participate in the localized motion our experiments. We are grateful to H. Grimm for his assis-
on the frequency scale 0f1~108—1(f s latlowtempera- tance with quasielastic neutron-scattering measurements. The
tures. However, the observed behavior of the elastic line inwork in Ekaterinburg was partially supported by the Russian
tensity as a function of andQ is consistent with the exis- Foundation for Basic ReseardiGrant No. 99-02-16311
tence of a localized H motion on the faster frequency scal@\.V.S. also acknowledges financial support of the Alexander
(7 1>7x10"s™Y), involving a large fraction of H atoms von Humboldt Foundation. Ames Laboratory is operated for
(at 300 K). the U.S. Department of Energy by lowa State University

under Contract No. W-7405-Eng-82. This work was sup-

IV. CONCLUSIONS ported by Fhe director for Energy Research, Offic_e of _Basic

Energy Sciences. The research at Washington University was

Measurements of thé°Sc spin-lattice relaxation rates in supported through NSF grants DMR-9705080 and DMR-
a-Sch (x=0.05 and 0.2P and a-ScH, ,; have revealed 9987888.
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