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Perturbed-angular-correlation study of *'Cd and ®*Ta nuclear-quadrupole relaxations
in the rare-earth dihydride DyH 5. 5
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The static and dynamic electric quadrupole interacti@h of the nuclear probe¥Cd and'®'Ta on metal
sites of the rare earttRE) dihydride DyH, has been investigated as a function of temperatl®sT=<900 K)
and hydrogen concentratidid.8<x=<2.1) by perturbed angular correlation spectroscopy. It is shown that for
non-RE nuclei with large quadrupole moments the dynamic QI caused by hopping hydrogen may strongly
exceed the magnetic dipole interaction with the fluctuatimigragnetic moments. Measurements of the spin
relaxation of suitable non-RE nuclei may therefore provide information on the hydrogen motion in the RE
hydrides in spite of the strongfdparamagnetism. The nuclear-quadrupole relaxation rates, however, were
found to be strongly affected by probe-impurity interactions. In Dyhe activation energy for jumps of
hydrogen vacancies near the probe site, determined from the temperature dependence of the dynamic pertur-
bation of the''!Cd angular correlation, i§,=0.352) and 0.4%3) eV for x=1.96 and 1.99, respectively. The
strength of the fluctuating QI df!Cd:DyH, suggests an effective hydrogen chargez6-0.6.

[. INTRODUCTION to 1”7, (v, interaction strengthr,, correlation or relaxation
time of the fluctuation the contribution of the moving
The investigation of the hydrogen diffusion in metals andnuclear magnetic moments to the spin relaxation is negligi-
intermetallic compounds is both of basic and technologicably small, even though thef4relaxation time might be a few
interest. In many metaj_hydrogen systems this dynamic proorders of magnitude shorter than typical residence times be-
cess has been investigated on a microscopic scale by hypdween hydrogen jumps at room temperature.
fine spectroscopic techniques such as NMRBssbauef, Itis, however, conceivable that for nuclei with large quad-

and perturbed angular correlatiofPAC) spectroscopy by rupole moment®) the diffusion-related time-dependent elec-

observing the nuclear spin relaxation induced by the hydroUiC guadrupole interaction exceeds the magnetic interaction

gen motion. Both magnetic and electric hyperfine interac\With the fluctuating 4 fields of neighboring RE ions, in

tions (HFI) may contribute. The nuclear magnetic dipole mo_particular as the electric-field gradient produced by the nega-

H —12
ments of the moving hydrogetand its isotopgsand the tive hydrogen chardé™**may be strongly enhanced by the

. . ; . deformation of the closed electronic shells of the probe
stationary metal ions produce a fluctuating magnetic hyper-

fine interaction and the motion of the hydrogen charge Iead%uocézlﬁr(ztzﬁrderl&%ﬁec?rrergﬁgiﬁ). r ea(lngZ/F hGpFr)gtlllnl};:%ZaLgye
to fluctuating electric-field gradient&EFG) which produce a an effective hydrogen chargé’? at a dzistancer from a

time-dependent quadrupole interactit@l) for nuclei with ;0645 with quadrupole mome@tand Sternheimer correc-
finite quadrupole moment®. With NMR the resulting ion (1—y,) is given vy=2Z'€*Q(1—y.)r 3h~1. For a

nuclear spin relaxation can be observed both for the moving,cleus withQ=1x10"%* cn?, (1—7.,)=30 andr=2.5 A

and the stationary nuclei, while sbauer and PAC spec- gne obtainsy,=2'x 135 MHz. A magnetic 4 moment of

troscopy are restricted to the metal nuclei. 10ug at the same distangeproduces a magnetic field of the
Among the hydrogen-absorbing metals the rare-eartiorder of H,~10 kG. The magnetic interaction of this field

(RE) elements La to Lu play a prominent role. All RE metals with a nuclear state of factorg=1 corresponds to a mag-

react directly with hydrogen, forming dihydrides and in mostnetic frequency ofvy,=gunH4/h=7.5 MHz.

cases also trihydridés® With the exception of Lakd (Ref. So, for nuclei with large quadruple momen@ the

7), CeH, (Ref. 8, and RE-like YH, (Ref. 9, this large group nuclear spin relaxation rates could be dominated by the QI

of hydrides, however, is practically unexplored by hyperfinefluctuations, even if the charge transfer from the metal sites

spectroscopic techniques because of the strong paramagnti-the hydrogetf!! leads only to small effective hydrogen

ism of the & elements. As the innerf4electrons are well chargesZ’e, and their measurement could then provide in-

shielded by the §5p® and to some extent also by the-®Bs  formation on the hydrogen motion in rare-earth hydrides

valence electrons, the magnetic moments of the uncloged 4REH, in spite of the strong # paramagnetism.

shell in solids are close to the free-ion moments which reach These diffusion-related QI fluctuations in REHom-

values as high as 1(Dy*"). In the paramagnetic state pounds, however, can, if at all, only be detected by non-RE

these 4 moments produce time-dependent magnetic fieldswuclei, since the unclosedf 4shell produces huge dynamic

(<10 kG at neighboring lattice sites which are 3—4 ordersmagnetic field§<8 MG) and EFG's(<6x 10" V/cm?) at its

of magnitude stronger than those caused by the nuclear magwn nuclear sité* One therefore has to recur to impurity

netic moments of moving hydrogen atoms. Since for fasnuclei with large quadrupole moments as probée °H

fluctuations the nuclear spin-relaxation rates are proportionajuadrupole moment is too smad=2.82x10" 2" cn?) for
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sufficiently large QI effects Among the various hyperfine As PAC probes decorated with other impurities cannot be
spectroscopic methods, the perturbed angular correlatioexpected to provide any useful information on the hydrogen
(PAC) technique appears to be particularly well suited formotion in a metal hydride, it appeared essential for the in-
such measurements. Compared tosslwauer spectroscopy, tended experiments to increase the fraction of impurity-free
PAC has the advantage of an unrestricted temperature rang®Hf nuclei. This was achieved by an additional sublimation
and in contrast to NMR only very few impurity nuclei of the purchased Dy metal. Following the procedure de-
(<10") are needed. scribed by Beaudry and Gschneid&the metal was heated

For an answer to the question whether the hydrogen mato 1300 °C(Dy melting point, 1407 °Cand collected on a
tion in a paramagnetic RE hydride can be detected througfa foil (T~700 °Q on top of the crucible. Starting with
fluctuating Ql's at impurity probes, we have carried out acharges of 500 mg, we typically obtained about 350 mg after
series of PAC measurements in dysprosium dihydride DyH?2 h. The sublimation product in form of a stalactite was cut 2
at concentrations 1.8=<2.1 with the PAC probes’Cd  mm above the Ta foil in order to minimize an eventual Ta
and'®Ta which have large quadrupole mome®$Q=0.83  contamination.

b and 2.53 KRef. 15, respectively. In view of the impurity This procedure was found to be quite effective in remov-
nature of the PAC nuclei a comparative study of the saméng the nonmetallic impurities from the host metal. The frac-
hydride with two different probes appeared important. DyH tion of impurity-free™Hf nuclei increased from about 65%
was chosen as a test case becdi)deoth''Cd and'®*Ta are  before to=90% after the sublimation. Only metal purified in
known to occupy substitutional sites in Dy métdi’and(ii)  this way was therefore used in the preparation of the
Dy has one of the largestf4magnetic moments. 18144f/18%Ta: Dy hydrides investigated here.

With the exception of Eu and Yb, all RE dihydrides are  For the preparation of thé"in/*'Cd:Dy samples‘in
cubic with the Caktype structure. The hydrogen resides onwas solute extracted with ethyl ether from a commercially
the tetrahedral ) sites of the fcc metal matrix. In heavy available solution of carrier-fre€lin Cl; and deposited on a
dihydrides such as DyHthe ideal Cak structure, however, Dy foil which was then melted with the UHV electron gun.
does not exist since the H atoms start to occupy the octah&he in/**'Cd:Dy samples had &Yn concentration of the
dral (O) interstices before the tetrahedral sites are comerder of 1 ppm. Althoughlin in metallic Dy was not found
pletely filled. Changes in the magnetic behavior observed byo attract impurities(see Sec. Ill A, the metal used for
Aaronset al!® indicate that in GdiJ and TbH, the O-site  ''in/*''Cd:Dy hydride samples was also purified by an ad-
occupation sets in at=1.95. Andersoret al'® derive an ditional sublimation.

O-site occupation of 10 and 15 % for RE-like Yk) and The hydrogenation was carried out in a quartz tube con-
YH, 45 respectively, from théH NMR rigid-lattice second nected to a UHV system. After reaching 18 mbar, in a
moments. Goldstonet al?®?! report about 8% occupie®  first step the doped metal samples were slowly heated
sites for YH, from inelastic neutron scattering. In the case of (1-2 °C/min to 700 K and outgassed for 5 h. As the anneal-
DyH, the Cabk-type structure extends over the concentrationing study of!8'Hf:Dy (Sec. lll A) had shown that impurity
range 1.94x<2.15 (Ref. 6. trapping by 8'Hf increases drastically aT~750 K, the
maximum temperature reached in the hydrogenation process
was limited to 700 K. In the second step the samples were
exposed to a precisely known quantity of Eas (percent

A. Sample preparation and equipment purity 99.9999, determined by capacitance measurements of
‘the H, pressure in a calibrated volume, kept for a few hours
at 620 K for homogenization and then slowly cooled to room
temperature. The accuracy of the hydrogen concentration, as
calculated from the metal weight and the quantity of ab-
Isorbed H gas, was of the order afx/x~0.01. The hydro-
genated samples were ground to a powder in an argon atmo-
sphere and for measurements B&290 K sealed into

o i 18 18 ; _ evacuated quartz tubes. For measurements<é290 K the
irradiation of natural Hf metal®Hf (n,yy *Hf]. Dilute al hydrides were transferred to a closed-cycle He refrigerator.

loys of 'Hf and Dy were prepared by electron gun melting s
of the metallic components in ultrahigh vaculh® ° mbay. The. PAC spectra were rgcqrded with a four-detector setup,
equipped with fast Bafscintillators.

Typically the samples had a weight of the order of 100 mg
with a total Hf concentration of about 0.5 at. %.

For the first'®'Hf:Dy samples we used sublimed metallic
Dy with a purity of 99.99 at. %¢based on the total metallic The time modulation of the angular correlation coeffi-
impuritie9 provided by Johnson Matthey. The PAC spectracientsA,, (k=2,4) of a yy cascade by hyperfine interactions
of these samplegsee Sec. Il Aindicated that after melting in polycrystalline samples can be described by a perturbation
a large fraction of thé®'Hf nuclei had trapped impurities, factor G, (t) which depends on the multipole order, the
presumably light elements such as O, C,... and that his frasymmetry, and the time dependence of the interaction and on
tion increased drastically upon heating. This observation ishe spin of the intermediate state of the cascddedetails
not surprising, as it is well known that Hf is an excellent see, e.g., Frauenfelder and Steffén
getter, in particular for oxygen and that the RE metals, even In this paper we are dealing with perturbations by static
of very high metal purity, may contain nonmetallic elementsand dynamic electric quadrupole interactiof®I). The
up to concentrations of several hundred pfm. electric-field gradienfEFG) acting on a PAC probe on a

II. EXPERIMENTAL DETAILS

The PAC measurements were carried out with the 133
482 keV yy cascade of®'Ta and the 172—247 keV cascade
of **Cd which are populated in the decay of'®'Hf and the
EC decay of'lin, respectively. In the first step of the sample
preparation metallic Dy was therefore doped with smal
quantities of radioactivé®Hf and *4n.

The 43 isotope ¥Hf is produced by thermal neutron

B. Data analysis
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regular metal site in a fcc dihydride is produced by the va- The validity range of the approximation has been dis-
cant tetrahedral and occupied octahedral sites of the hydreussed in detail in Ref. 26. For slow fluctuations< 1/8)
gen sublattice. A contribution of the metal sublattice is ex-the functionl',(t) is given by the perturbation factor in the
pected only if its cubic symmetry is distorted by structural absence of fluctuations ang is proportional to the fluctua-
defects or impurities. In the case of a statistical distributiontjon ratew. In Ref. 26 it has been shown that in the case of
of the tetrahedral vacancies and the occupied octahedral sitgsslowly fluctuating QI distribution the separation of the ef-
each PAC probe will see a different configuration of vacan-ect of the static and the dynamic components of the distri-
cies and hydrogen atoms and thus experience a differefution on the angular correlation is problematic and an
EFG. analysis based on E¢3) may lead to incorrect conclusions
At low temperatures, these configurations are “frozeéa’  with respect to the hydrogen motion. The conclusions pre-
least in the PAC time window of the order of 40, with  sented in this paper are therefore mainly based on data from
my=the lifetime of the intermediate state of the casgae  the fast-fluctuation region.
the ensemble of PAC probes is therefore subject to a static Fast processes are adequately described by3Eif. sev-
EFG distribution. For a distribution of static Q|’S in p0|y- eral jumps occur within one Spin precession period
crystalline samples the perturbation factor is given by (Wzsyg). The functionT,(t) then depends on the time
average of the interaction. For a vanishing time average one
hasI'y(t) =1, for a nonzero averadg,(t) has the form of a
Gkt vq, 7,0) =S+ >, SnCOS wpt)ex — 1/2 wqt)?]. static perturbation function for the time averaged ®).is
n=t (1) proportional to the Abragam and Pound spin-relaxation
constant’ \i” which depends on the strength of the fluctu-

. - . ating QI, described by the frequen@;&, and the fluctuation
The frequencies, are the transition frequencies between rate w- )\koc(v;)zlw. As the proportionality constant is not

the hyperfine levels into which a nuclear state is split by the " . . .
precisely known, the analysis of fast dynamic processes
QI. They depend on the quadrupole frequemgy-eQV,/h based on Eq(3) provides no absolute values of the quantity
and on the asymmetry parametg+(V,,—V,,)/V,, where 2w H h imat intains the i it
V;; are the principal-axes components of the EFG tensor. Th Vo)W OWEVET, the approximation maintains tné linearity
a;;]plitudess depend ony only. For the spirl =5/2 of ®'Ta etween the derived relaxation parameter and the inverse
kn ' -

and 1'Cd the numbelN of terms in Eq.(1) is N=3. The jump rate: N <1w. For Arrhenius processes withv

exponential factor accounts for the effect of a Gaussian EFG:WOeXp(_ Eo/KT) one then has kyxE,/kT, so that the

L . . : activation energy of the jump process can be correctly de-
distribution of relative widthé. Frequently, several fractions :
of nuclei with different QI parameters are found in the sameduced from the temperature dependence of the single relax

. . f .
sample. The effective perturbation factor is then given by gﬁgeﬁzigetexk' providedrq does not change much with

When comparing activation enbe_lrgies determined by PAC
_ _ s with those of other techniques, e.gHd-NMR, one must keep
Gt Z fiGutivgi i, 5) @ in mind that the PAC probe is an impurity in most of the
investigated systems which because of thé dependence
f; (with 2;f;=1) is the relative intensity of théth fraction  of the QI detects only charges jumping in its neighborhood.
with the QI parametersif;, »;, 5] As the potential in the vicinity of an impurity site may differ
At higher temperatures hydrogen diffusion sets in androm that of the regular lattice sites, it canpriori not be
gives rise to fluctuations of the QI distribution. The resultingexcluded that the barrier height measured by PAC is affected
nuclear spin relaxation becomes observable as an attenuatiby the impurity itself. PAC therefore provides the activation
of the angular correlation when the fluctuation ratehas energies for hydrogen and vacancy jumps near the probe site
increased to the point that the residence time between hydravhich may differ from the activation energy in the undoped
gen jumpsry, is of the same order of magnitude as the PACcompound. Experimental information on this aspect is pres-
time window. With increasing fluctuation ratg the spin-  ently not available.
relaxation rate and the corresponding attenuation of the an-
gular correlation first increase towards a maximum at

N

Wévg, wherev] is the center frequency of the static distri- IIl. MEASUREMENTS AND RESULTS

bution and then decrease, analogous to the motional narrow- _

ing of a NMR signal. A. Ta and *Cd PAC study of the quadrupole interaction
The perturbation of an angular correlation by discrete in Dy metal

jumps which may involve strong changes of the interactionis  For a PAC experiment aiming at the observation of the
most _appropriately described by Blume’s stochastichydrogen motion in a rare-earth hydride a large fraction of
theory?*** For the analysis of the complex situation in a probe nuclei on substitutional sites of an otherwise unper-
substoichiometric hydride where hydrogen motion leads tqurbed metal lattice is of central importance. Prior to the
fluctuations of orientation, strength, and symmetry of the in-hydrogenation we have therefore studied this regular site
teraction, this general theory is, however, impracticable angraction in Dy samples of different purity and have also de-
one has to resort to an approximation with a single relaxatiofiermined its temperature dependence in order to establish the
parameten, : maximum temperature which may be reached in the hydro-

genation procedure without losses in the regular site fraction

Gr(t) =T (t)exp( —Ntb). 3 by impurity trapping.
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FIG. 2. PAC spectra of*'Cd in Dy metal(purity 99.99 at. %,
purchased from Johnson Matthest different temperatures.

0.1

# 2 obvious explanation of this observation is the formation of
1811f-impurity complexes, when impurities dissolved in the
NI R host metal become mobile at higher temperatures. As men-
tioned above, the most probable elements involved are O and
t (nsec) C. Samples with such a large fraction of probe-defect com-
plexes are clearly unsuited as starting material for the hy-

FIG. 1. PAC spectra of®'Ta in metallic Dy of different purity, ~dride preparation.
measured at room temperature after annealingaafor 12 h in a The bottommost spectrum in Fig.(4ample no. 2 at room
vacuum of 10% mbar. Sample no. 1 was prepared with Dy metal temperaturgillustrates that the impurity concentration could
(purity 99.99 at. % purchased from Johnson Matthey, sample no. 2be strongly reduced by additional sublimation of the pur-
after purification by an additional sublimation. chased metal. The spectrum shows practically no damping

and the regular site fraction is visibly much larger than in the

Figure 1 shows the PAC spectfs,,G,,(t) of ¥Ta:Dy  as-molten state of sample no. 1. The analysis giyes0.9,
taken at room temperature after annealing at a temperatus® that now less than 10% of the probes are involved in some
T, for 12 h in a vacuum of 10'° mbar. The coefficienf,,  kind of probe-defect complex. As a consequence of some
reflects the experimental anisotropy at the time zero pointexture in sample no. 2, the amplitudgg, [see Eq.(1)] of
and has not been corrected for the finite solid angle extendeithis spectrum differ from the values for a polycrystalline
by the detectors. Sample no. 1 was prepared with Dy asompound. We have studied the annealing behavior of the
purchased from Johnson Matthey, sample ntbh&tommost sublimated samples up to 720 K and observed no changes in
spectrum in Fig. Lafter purification by the additional subli- the room-temperature spectra, in contrast to the pronounced
mation described in Sec. Il A. deterioration of the unpurified samples.

The as-molten spectrum of sample no. 1 shows the typical The absence of an attenuation in the spectrum of sample
periodic PAC pattern of an axially symmetric QI, as it is no. 2 reflects not only a highly regular probe environment,
expected for'®Ta on substitutional sites of hexagonal Dy. but also indicates that the PAC relaxation caused by the fluc-
The amplitude of this component is a measure of the fractiotuating 4 moments of neighboring By ions and by inter-

f, of probes on substitutional sites. A numerical analysis by actions with the conduction electrons is very weak. The up-
least-squares fit of Eq$l) and(2) to the data give$,;~0.6  per limit of the corresponding relaxation parametey;
and the QI parameterg,;=3953) MHz, 7,=0.11(2), and  compatible with the spectrum ig;<1 MHz.

5,=0.041) which agree well with previously reported  With the probein/**Cd we found no evidence for an
values!’ attractive probe-impurity interaction. Figure 2 shows the

The second component in the spectrum with amplitudd®’AC spectra of!Cd:Dy measured at different temperatures
f,=1-f,~0.4 is characterized by a large frequency distri-for a sample prepared with as-purchased Dy. Here we ob-
bution(8,=0.30 centered at,,=68030) MHz, 7,=0.237)  served an increase of the regular site fraction figm0.65
and reflects thé®*Ta nuclei with a defect environment where at 295 K tof ;~1 at 600 K and above which probably reflects
nearby impurities, structural defects, grain boundaries, etcthe relaxation of stresses produced by the rapid cooling of
produce a broad distribution of the EFG values. the sample in the water-cooled electron gun. The additional

When sample no. 1 was heated in an evacuated quartblimation of the host metal had no effect on the PAC spec-
tube the regular site fraction was found to decrease witlirum. The upper limit of the #relaxation parametex,;<1
increasing temperature, as can be clearly seen from Fig. MHz compatible with the loss of amplitude in th€Cd:Dy
and had almost completely vanished after 12 h at 880 K. Thepectrum is of the same order as 18fTa:Dy.

0.0
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FIG. 4. The temperature dependence of the relaxation parameter
\ of 111Cd:DyH, o¢for T=600 K. The triangles and squares refer to
890 K the thermal history. The sample was first heated to 700trk
L angles, then cooled back to 600 K, and subsequently heated to 900
o K (squares

0 100 200 300 400 500 1=2.52) MHz and a relative widths,=0.51). The
t (nsec) smaller, rapidly decaying component in the spectrum

[v2=11515 MHz, 8=0.72), f,~0.3] which do not
FIG. 3. PAC spectra of*'Cd in DyH, o at different tempera- change with temperature can be associated with the fraction
tures. The topmost spectrum is that'6iCd in Dy metal. of probes in stable probe-defect complexes produced during
the sample preparation and carries no information on the

The room-temperature quadrupole frequency, hydride properties. At higher temperatures the spectra
(**'cd:Dy; 295 K=26.33) MHz agrees within the experi- present the typical features of a dynamic perturbation. Be-
mental precision with the results of previous tween 295 and 600 K the relaxation of the angular correla-
measurement® Between 295 and 900 Ky ('Cd:Dy) fol-  tion increases with temperature to a complete destruction of
lows the relationvy(T) = v4(0)(1—AT) with 1,(0)=29.94)  the anisotropy within a few nanoseconds which is followed
MHz and A=4.7(2)x10 % K. Such a linear temperature by a “motional narrowing” recovery in direction of the con-
dependence has been observed in all previous investigatiostant anisotropy expected for the time-averaged cubic sym-
of impurity EFG’s in RE metal hosts, in contrast to th&?  metry of fcc DyH o5 Because of the difficulties of separat-
behavior ofsp metals. The present result for the strengthing the effect of the static and the dynamic components of a
parameterA fits well into the 1*'Cd:RE systematics which slowly fluctuating frequency distribution on the angular cor-
shows a linear decrease of the relative temperature derivativelation (see Sec. Il B only the fast-fluctuation region at

8In v,/ 5T across the RE seriés. T=600 K was studied in detail.
The data forT=600 K were analyzed with a two-fraction

model, withf, describing the fraction of probes subject to a
time-dependent QI anfl, accounting for nuclei in the stable
probe-defect complexes detected in the room-temperature
The QI of *'Cd in DyH, was studied at the stoichiom- spectrum. The relaxation effects seen by fractignwere
etriesx=1.96 and 1.99. At both concentrations we founddescribed by a single relaxation paramet¢Eqg. (3)] assum-
clear evidence for dynamic perturbations related to the hying a cubic ensemble average,,(t) =1]. The amplitudef,
drogen diffusion. Figure 3 shows the PAC spectra ofand the interaction parameters of the fraction subject to the
MCd:DyH, o6 at different temperatures. For comparison westatic QI distribution[Eq. (1)] were found to change very
have included the spectrum BfCd in metallic Dy(topmost little with temperature.
in Fig. 3. At T=295 K the spectrum of*'Cd:DyH, o5 con- The results for the relaxation parameteare plotted in
sists mainly of a slow decrease of the anisotropy with timeFig. 4 on a logarithmic scale versus the inverse temperature
which reflects the deviations from cubic symmetry caused byl/T. These data show that the relaxation parameter at a given
vacant tetrahedral and occupied octahedral hydrogen siteemperature depends on the thermal history of the hydride:
Structural defects probably also contribute to the resultingrhe sample was first heated to 70Qtkangles, then cooled
frequency distribution which contains slowly fluctuating back to 600 K and subsequently heated to 90(sguares
components associated with the hydrogen motion and stati€ycling the sample through 700 K results in a decrease of
components from the structural defects. Fitting a static Qthe relaxation parameter at 600 K by about 35%. Both sets of
distribution to the spectrum, one obtains a center frequencgata(triangles and squares, respectiyedatisfy the relation

B. iCd PAC study of dysprosium dihydride DyH,
at the hydrogen concentrationx=1.96 andx=1.99
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FIG. 6. The relaxation parameter of 1'Cd:DyH, o4 (first

sample for T=600 K versus I¥.
\ 750 K

given temperature was found to depend sensitively on time
and on the thermal history. Figure 7 shows the spectra of the
secondx=1.99 sample at 655 K after 2 and 17 h of data
collection, respectively, and at 655 K after heating to 690 K
(bottommost in Fig. Y. The dotted line in Fig. 7 represents
the 655 K spectrum after 2 h. Clearly, in this sample the
relaxation parameter decreases irreversibly with time and the
t (nsec) underlying process can be accelerated by cycling through
slightly higher temperatures.

295 K

L i " 1 1 | L ! n [l
0 100 200 300 400 500

FIG. 5. PAC spectra of*!Cd in DyH, o (first samplg at differ- C. 18473 PAC study of dysprosium dihydrides DyH,
ent temperatures. From top to bottom, the spectra are arranged in in the concentration range 1.8sx<2.1

the chronological order of the measurements.
The QI of 8%Ta in DyH, was studied as a function of

In NxE /KT for fast overbarrier diffusion. The slope, how- temperature(19<T<900 K) at hydrogen concentrations
ever, decreases frof,=0.352) eV to E,=0.262) eV after
cycling through 700 K.

Figure 5 shows'Cd PAC spectra at the hydrogen con-
centrationx=1.99. Two samples were studied at this concen-
tration. In both cases the first room-temperature spectrum of
MICd:DyH, oo measured after the hydrogenatites an ex-
ample, see the topmost spectrum in Fig.showed a peri-
odic, almost undamped oscillatiody,=1351) MHz,
7=0.082) at 295 K of considerable amplitude
(f,~0.15-0.4 superimposed on a slowly decreasing anisot-
ropy (f,). This oscillation was found to persist with decreas-
ing amplitude up to temperatures of about 550 KTAt550
K the oscillation had completely disappeared from the spec-
tra and no longer reappeared when returning to room tem-
perature. The continuously decreasing backgro(iy de-
cays visibly faster with increasing temperature and at 600 K
the anisotropy is completely wiped out within 50 nsec. At
still higher temperatures one observes the recovery charac-
teristic for the fast-fluctuation regime. Figure 6 shows the
temperature dependence of the relaxation parametfar

i 1 L 1 n 1 L ] L ul
0 100 200 300 400 500

T=600 K, obtained with Eq(3) andI',,(t)=1 for fraction t (nsec)
f,. The data are well described by the relatiom#E /KT
with an activation energy o, =0.453) eV. FIG. 7. PAC spectra of*)Cd in DyH; ¢¢ (second samp)eat 655

Once the first sample had been heated above 550 K, itg after 2 and 17 h of data collection, respectively, at 690 K and at
room-temperature spectrum was fully reversible up to 800 K655 K after 690 K. The dotted line represents the 655 K spectrum
In the second sample, however, the relaxation parameter atadter 2 h.
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the concentration range x&=<2.1 at 295 K and 600 K.

81T, P
ranging fromx=1.8 to 2.1. The effect of hydrogen concen- FIG. 9. PAC spectra ofTa:DyH, , at different temperatures.

tration and temperature is illustrated in Fig. 8 where the PAC

spectra measured dt=295 and 600 K are compared for frequency distribution as caused by “frozen,” statistically

various concentrations. Even without numerical analysis it distributed hydrogen atoms. With increasing temperature the

is evident that fox<2.05 the spectra do practically not react “hard core” vanishegsee the 400 K spectrum in Fig) 8nd

to changes in temperature and vary, if at all, only little with at still higher temperatures the anisotropy starts to recover

the hydrogen concentration. Onlyat2.1 the shape of the towards the unperturbed value expected for the cubic time

spectrum changes considerably between 295 and 600 K. average of hydrogen diffusing rapidly among the tetrahedral
For x<2.05 the spectra show, apart from a fast initial and octahedral sites of fcc DyH The spectra were fully

decay which can be attributed to the fraction'®fTa nuclei reversible between 295 and 900 K.

trapped in probe-defect complexes of the unloaded metal, a From 800 to 900 K the spectrum does not change any

slow decrease of the anisotropy with an oscillation of smallyqre \which indicates that the dynamic interaction has aver-

amplitude superimposed. As discussed ir_1 detail in Sec. _'Vaged out at these temperatures. The remaining attenuation of
the fact that the spectra do not change with temperature i

lies a perturbation by a static O The measurements g:[he anisotropy therefore reflects a static frequency distribu-
Pl perturbation by ' .Q' su ; WeTlRon probably due to structural defects and probe-impurity
therefore analyzed with a two-site model, using static pertur-

bation functiondEqgs. (1) and (2)]. The initial decay of the fomptlex?r? asgglgoéound f?Kz'l' Af't O];k? stat||c d|str|bu;
anisotropy has not been taken into account. 'on to the spectrum gives the QI parameters

The slow decrease @,,G,,(t) is caused by a frequency “a~10(1) MHz, 6=0.485) with the asymmetry parameter
distribution with QI parametersy,; =255) MHz and fixed to the value at 295 K»=0.8). o _
8,=0.505) (7, assumed zejowhich are only slightly tem- For the determination of the d_ynamlc interaction param-
perature dependent_ After heating to 1200 K the room_eters atT<900 K the apprOXImatlon of a Slngle relaxation
temperature frequency of this fractioff,~0.8—0.9 de- ParametefEq. (3)] was fitted to the measured spectra, using
creases irreversibly by a factor of 3 tg,=8(1) MHz, for I'y5(t) the perturbation function of a static QI distribution
indicating that with increasing temperature the probe envilEQ. (1)]. It was assumed that the static distribution width,
ronment approaches cubic symmetry. obtained from the 900 K spectrum, does not change with

The QI parameters of the oscillation superimposed on théemperature. In the fits the relaxation parametesnd the
slow decrease oR,;G,)(t) are v, =40510) MHz, 7,=0,  quadrupole frequency, were treated as free parameters
and 5,=0.183) at 295 K. The relative amplitude of this frac- while the distribution widthé was fixed to the 900 K value
tion is largest ax=1.8 (f,=0.22 and varies between 0.1 6=0.48 and the asymmetry parameter to the room-
and 0.15 at the other concentrations. The frequency of thissmperature value;=0.8. Treatingn as a free parameter
fraction is very close to that of!Ta in Dy affects the absolute value of the frequency, but does not

metal: Vq(lnga:Dy;295 K=3922) MHz (see Sec. Il A. change its temperature dependence nor the results for the
At x=2.1 the spectra show clear evidence for time-relaxation parameter.
dependent perturbations by diffusing hydrogeee Fig. 9. The temperature dependence of the quadrupole frequency

At T<295 K one observes a finite anisotropy at large delayy, is shown in Fig. 10. In Fig. 11 we have plotted the relax-
times (hard-core valuewhich is characteristic for a static ation parametei versus the inverse temperaturerl 1for
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turbing QI occurred at temperaturés650 K. The observa-
tion of a static interaction in a hydride with clearly visible
spin-relaxation effects at lower temperature indicates that at
higher temperatures the probes no longer “see” the hydrogen
] motion and implies, since PAC probes are rather “short-
sighted” observers due the ° dependence of the EFG, the
4 absence of vacancy jumps in the nearest-neigkikdl) hy-
drogen shell of the probe. From the weak interaction strength
we may further infer that this static probe environment is
close to cubic symmetry.
The time scale of the irreversible changes from a fluctu-
00200 200 600 800 1000 ating to a static probe environment of a few holgse Fig. 7
T (K) as an illustratioh suggests that the.m!gratm_r? of heawer at-
oms than H, probably of nonmetallic impurities, is involved
in this process. The migration of the probes to, e.g., grain
FIG. 10. The temperature dependence of the quadrupole frepgundaries appears unlikely because the QI seen by PAC
quencywq of *Ta in Dy ;. nuclei on grain boundaries is usually much stronger. The
most probable explanation therefore appears to be the forma-
T=450 K. The data follow the Arrhenius relation tion of probe-impurity complexes which shield the probes
In NxE./KT with a slope of 0.2&2) eV. from the hydrogen motion in the sense that the hydrogen
cannot come close enough to be seen by the probes. The
hydrogen probably plays some role in the formation of these
stable configurations since they are are not observed in the
In the following we shall discuss the main observations ofunloaded metals.
this **Cd and*®*Ta PAC study of static and dynamic QI'sin ~ The fact that irreversible changes occurred only in some
DyH, and suggest possible interpretations. cases in an unsystematic way can be understood in this pic-
(i) With 1*'Cd as probe we have observed time-dependerture if samples prepared by apparently the same procedure
perturbations in all investigated samples. A comparison ohad in fact different impurity concentrations. Although the
the maximum relaxation parametgy,,,~35-55 MHZ (see  regular site fraction of the unloaded Dy metal was very simi-
Figs. 4 and B with \,s<1 MHz, estimated from the metal lar in all cases and the same care was taken to avoid migra-
spectra, gives a positive answer to the main question of thiion of nonmetallic impurities during the hydrogenation, we
study. The contribution of the hydrogen motion to the spinhave no quantitative information on the concentration of
relaxation strongly exceeds the effect of the fluctuatifig 4 nonmetallic impurities in the different samples.
moments. (i) The temperature dependence of th&Cd relaxation
In some cases, the spin relaxation of the spectra was fullparameten (see Figs. 4 and)gives the activation energies
reversible between room temperature and 800 K, while irEa(x) for vacancy jumps in Dykinear the probe site. Using
others, as illustrated in Fig. 7 for a sample with concentratioronly data from the temperature range where the spectra are
x=1.99, irreversible changes towards a static, weakly perfully reversible, we obtairE,=0.352) and 0.4%3) eV for
x=1.96 and 1.99, respectively. This increaseE{x) to-
wardsx=2 can be compared to the behavior Bf(x) in

Vq (MHz)

IV. DISCUSSION

T (K) other transition metal hydrides: In LaH;, YH,_5 ScH,_;
1000 80 600 400 (Ref. 30 the activation energy decreases, in Zrk (Ref.
1o T ' " 31) it increases with increasing hydrogen concentration.
! Jerosch-Herolet al*° correlate these opposite trends to the
Sor + ] observation that the hydrides of the first group all exhibit a
— finite octahedral site occupation, setting irkat1.9, whereas
™ 20} . ZrH,_ s does not, so that an additional energy is required to
% create vacancies in the hydrogen sublattice of Ziftlose
~ 10f g to x=2. Extending this correlation to DyH; one would
~< expect, contrary to the experimental values, a decrease of
S ] E,(x) towardsx=2, because the existence of a dysprosium
trinydride and the susceptibility and neutron diffraction
sl i result§ for the RE neighbor hydrides GgH; and ThH_ 5
indicate a nonzero octahedral site occupation in RyH
(i) The fluctuating QI at thé!'Cd site in DyH o5 and

i i Il L L
1.0 1.5 2.0 25

1/T (107 KY) DyH; g0 expressed by the frequenw;é, is of considerable

strength, as indicated by the complete destruction of the an-
isotropy at 600 K in less than 50 nsésee Figs. 3 and)5
FIG. 11. The relaxation parametenof 8Ta:DyH, ,, derived by ~ The frequency{, can be estimated without knowledge of the
a fit of Eq. (3) to the spectra shown in Fig. 9, vs the inverse tem-residence time by using the fact that the maximum value
perature IT. Amax Of the attenuation parameter and] are related by
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Mmax~1/2 v} (Refs. 26 and 3 18MTa is Ayayx=330 MHz, corresponding to a relaxation time
The frequencyr| allows an estimate of the effective 7yi,=1/\nu=3%10"° sec clearly within thé®*Ta PAC time
charge associated with the tetrahedral hydrogen vacancies. Window. The observation of slowly decaying, temperature-

view of ther 3 dependence of the EFG and the small va-independent spectra therefore implies that ¥{@a probes
cancy concentration at=1.99, it is reasonable to assume are completely shielded from the hydrogen motion and sub-
that the dominant contribution to the relaxation comes from gect to a distribution of weak stat{o,(295 K)~8 MHz after
single vacancy jumping in the NN hydrogen shell of the1200 K, see Sec. lll Crather than dynamic QI's. This is
probe nucleus. Fott'Cd?" [Q=0.83 b, (1—y.)=32, Ref.  probably due to the same process which causes the irrevers-
33] the quadrupole frequency produced by a single charg#le changes from a fluctuating towards a static probe envi-
Z'e at a distance =2.25 A (NN metal-vacancy separatipn ronment observed in some of th€in/**"Cd:DyH, samples.

is v,=2(2'€)eQ(1— 7.)r 3h~1~160xZ’e MHz. The ex- Apparently for 1811£/181Ta the formation of probe-defect
perimental value Of,,tfﬁllo MHZ (A\ya=55 MHz for complexes involving nonmetallic impurities occurs with a
x=1.99, see Fig. Bthen corresponds to an effective vacancyMuch higher rate, so that already after hydrogenation all
charge oz’ e~0.6e. It is interesting to note that this value is  Hf huclei are embedded in such defect configurations and
much larger than th&Sc NMR result for Scki 5 (Z'~0.1), ~ shielded from the hydrogen motion.

obtained with the same point charge model and the free-ion Although we have no quantitative information on the con-
Sternheimer correction from the maximum of fﬁSC relax- Centration Of the nonmeta”ic impurities in our Samp|eS, |t iS
ation rate’® Although the Sternheimer corrections in the Puzzling that atx<2.05 practically all **Hf/***Ta are
solid may differ to some extent from the free-ion values usechielded from the hydrogen motion. SintEHf decays first

for the estimate o’ and although the systematics of the to an excited 17usec state of®*Ta migrating defects could
crystal-field parameters of the RE dihydriflesiggests an be trapped by®'Ta in the 17usec interval before the 133-
increase of the effective charge at the H anions across the RE82 keV PAC cascade is populated. In this case very few
series and, this large difference raises the question of systerfjonmetallic impurity atoms would be sufficient to shield all
atic differences in the QI relaxation rates measured by NMR ~Ta nuclei. The irreversible changes by heatisge Sec.
and PAC, possibly caused by the impurity nature of the probéll C). however, show that not*'Ta but the parent isotope
(See Sec. |l B A Comparative PAC Study of the hydrogen le is affected by the Impurltles. As these do not distin-

diffusion in Scl—£ with different PAC probes would therefore guiSh between stable and radioactive Hf nUClei, the Impurlty
be of interest. concentration necessary to shield all PAC nuclei is of the

(lV) The observation of an unattenuated oscillation oforder of the total Hf concentration of 0.5 at. % which is

large amplitude with frequency,=135 MHz appearing in much higher than we Woulql expec_t in view of the purifica-
the 1*'Cd:DyH, oo Spectrum after the hydrogenati¢see Fig.  tion and the large regular site fraction of the unloaded metal
5) is unexpected. The axial symmetry and the small Iine:-Sfi“‘fm'elSB-1 _
width of this QI point towards a configuration consisting of ~ The ~“Ta:DyH,—, o5 Spectra contain a small component
the probe and a single charge associated with either an atofh0—20 % with the frequency ot®'Ta in Dy metal(see Sec.
or a vacancy at a well-defined distance in an otherwise cubilll C) which suggests an admixture afDy to the dihydride
environment. A single H atom on an octahedral site, a tetraPhase. The x-ray diffraction pattern of the samples, however,
hedral H vacancy or a monovacancy of the fcc RE sublattic§flowed no reflexes pertaining 4eDy. Possibly, the impurity
trapped by the probe would Satisfy the observed Symmetry_ 1Hf/ Ta tendS to Stablllze th& structure In Its V|C|n|ty.
For a Configuration invo|vig aH atom oaH vacancy, (Vl) Evidence forlBlTa Spin relaxation has been found
however, we would expect the oscillation to reappear alway@nly at the hydrogen concentratior=2.1. The presence of
upon cooling which is not the cagsee Fig. 5. It therefore dynamic perturbations in this sample is indicated not only by
appears more likely that RE monovacancies are involvedhe Arrhenius behavior of the relaxation parametefFig.
The symmetry change of the RE lattice from hcp to fcc dur-11), but also by the abrupt decrease of the quadrupole fre-
ing the hydrogenation probably leads to a certain concentrguency v, at T~400 K (Fig. 10 which marks the point
tion of RE vacancies which may be trapped by the probedhere the residence time between hydrogen jumps becomes
when the hydride is slowly cooled to room temperat(see shorter than the PAC time window. Motional narrowing sets
Sec. Il A). The resulting probe-vacancy pairs dissolve uponn and the measured quadrupole frequency approaches the
heating above 550 K. Support for this interpretation comeanishing time average of the Ql in a fcc hydride. The re-
from the interaction strength of the oscillation which is in the Maining interaction aff>400 K is the result of structural
same ranggy,=100-150 MH3 as the monovacancy fre- defects and other imperfections.
quencies at''Cd in fcc and bcc metaf¥. It remains an open The low-temperature value of, reflects the ensemble
guestion why the 135 MHz component was only observed iRverage of the static QI distribution produced by the “fro-
the x=1.99 samples. zen,” randomly distributed vacancies and hydrogen atoms.
(v) The PAC probe'®Ta appears to be less suited as anWith Q(1— ¥x)1g:,/ Q(1— ¥) 11,56 One estimates that
observer of the hydrogen motion in RE hydrides th#@d.  the corresponding ensemble average of the static EFG seen
The fact that for concentrations<2.05 the ®Ta:DyH, by '®*Ta in DyH, ; (¥,~70 MHz; Fig. 10 is about a factor of
spectra do not react to changes in temperature or hydrogéh larger than that of'Cd in DyH, g (v;~2.5 MHz, Sec.
concentration(see Fig. 8 is incompatible with a dynamic Ill B). This difference is probably due to the larger octahe-
interaction, as can be seen from a comparison with the relaxdral site occupation at=2.1. Assuming that th©-site oc-
ation maximum \,;,=55 MHz of Cd:DyH, 5 As cupation starts at=1.95, the fraction of probes with at least
)\maxwl/ZV; scales with(1—v,)Q, the value expected for one octahedral nearest hydrogen neighbor and th3-site



53 PERTURBED-ANGULAR-CORRELATION STUDY ORYcd AND.. . .

5405

EFG contribution is 62% at=2.1, but only 22% ax=1.99.  study of the!®!Ta relaxation rates as a function of the impu-
On the other hand, when comparing the dynamic perturrity type and concentration is required.

bations in'*®*Ta:DyH, ; and''Cd:DyH, 44 0One notes that the
relaxation is comparably strong in both cages,,~55 MHz
and \,,,~55 MHz in ¥Ta:DyH, ; and Cd:DyH, oo re-
spectively. Since)xmaxocvg, this observation implies that the
average dynamic EFG acting on the probe¥fia:DyH, , is

a factor of 6 smaller than it"'Cd:DyH, g0

V. SUMMARY

The static and dynamic electric quadrupole interaction
(QI) of the nuclear probes’Cd and'®'Ta on RE sites of the
RE dihydride DyH has been investigated as a function of

. S . temperature(19<T=<900 K) and hydrogen concentration
Close tox=2, the main contributions to the fluctuating .
EFG should come from single vacancies jumping in the NN(1'8$X$2'1) by perturbed angular correlatidiAC) spec-

: . , troscopy.
T shell or single hydrogen atoms in the N\shell (with the : o
O-site occupation starting at=1.95, the probability of a It is shown that for non-RE nuclei with large quadrupole

probe to have both a NN vacancy and an NXD-hydrogen momelnts the d)énak:nlc Ql cau_set(llj_bylho_pplng h_ydrog_err: n;ay
atom is 3% atx=2). If one assumes that the effective va- s;trongy ex4(f:ee the ‘magnetic Il\eloe Interaction fw;]t the
cancy and hydrogen charges do not differ, one would no{ ulctuat_mg f—mggnsltlc moments. beasurelments 0 rt] € ?pln
expect the dynamic EFG to change much with Besite relaxation of suitable non-RE probe nuclei may therefore

. . ) - rovide information on the hydrogen motion in the RE hy-
occupation, in contrast to the experimental observation of %rides in spite of the strongfz)l/paragmagnetism The nuclea):
much smaller dynamic EFG at=2.1. If at all, the average .

. . . . quadrupole relaxation rates, however, can be strongly re-
g?(’)nsaer:"tco Eiirzggutlga:wnfrr}?;% gtse;@e sites are slightly duced by probe-impurity interactions. PAC studies of the hy-

The relatively weak relaxation iffTa:DyH, , therefore drogen diffusion in RE hydrides therefore require a quanti-

x=2.1, but due to a smaller impurity concentration only a P P y P

fraction of the probes is affected. With part of the probesOf the 'Cd angular correlation in Dyfigives an activation

subject to a weak static Ql, an analysis assuming that a@?eErngO:;Ej(;;n apﬁdog Zggogsna;/ ):21galng|6ezrr]1§ z;r ;ge r;;fb::lte
nuclei are exposed to QI fluctuations would produce a re a-_» i T . P

duced value of the dynamic EFG and underestimate the a Ively. The strength of the quctuatngdQI OF'Cd:DyH, sug-
tivation energy. gests an effective hydrogen chargezof-0.6.

Although there is no doubt as to the presence of a dy-
namic perturbation if®Ta:DyH, ,, the quantitative analysis
of these measurements therefore suffers from considerable One of the authorqU.H.) gratefully acknowledges a
systematic uncertainties which are most probably a consescholarship by the Alfried von Bohlen- und Halbach-
quence of probe-impurity interactions. To overcome thesétiftung. The neutron irradiations have been carried out at
problems for a future use of the prob&Ta a quantitative GKKS, Geesthacht.
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