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The static and dynamic electric quadrupole interaction~QI! of the nuclear probes111Cd and181Ta on metal
sites of the rare earth~RE! dihydride DyHx has been investigated as a function of temperature~19<T<900 K!
and hydrogen concentration~1.8<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 fluctuating 4f magnetic 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 strong 4f paramagnetism. The nuclear-quadrupole relaxation rates, however, were
found to be strongly affected by probe-impurity interactions. In DyHx the activation energy for jumps of
hydrogen vacancies near the probe site, determined from the temperature dependence of the dynamic pertur-
bation of the111Cd angular correlation, isEa50.35~2! and 0.45~3! eV for x51.96 and 1.99, respectively. The
strength of the fluctuating QI of111Cd:DyHx suggests an effective hydrogen charge ofZ8;0.6.

I. INTRODUCTION

The investigation of the hydrogen diffusion in metals and
intermetallic compounds is both of basic and technological
interest. In many metal-hydrogen systems this dynamic pro-
cess has been investigated on a microscopic scale by hyper-
fine spectroscopic techniques such as NMR,1 Mössbauer,2

and perturbed angular correlation3 ~PAC! spectroscopy by
observing the nuclear spin relaxation induced by the hydro-
gen motion. Both magnetic and electric hyperfine interac-
tions~HFI! may contribute. The nuclear magnetic dipole mo-
ments of the moving hydrogen~and its isotopes! and the
stationary metal ions produce a fluctuating magnetic hyper-
fine interaction and the motion of the hydrogen charge leads
to fluctuating electric-field gradients~EFG! which produce a
time-dependent quadrupole interaction~QI! for nuclei with
finite quadrupole momentsQ. With NMR the resulting
nuclear spin relaxation can be observed both for the moving
and the stationary nuclei, while Mo¨ssbauer and PAC spec-
troscopy are restricted to the metal nuclei.

Among the hydrogen-absorbing metals the rare-earth
~RE! elements La to Lu play a prominent role. All RE metals
react directly with hydrogen, forming dihydrides and in most
cases also trihydrides.4–6 With the exception of LaHx ~Ref.
7!, CeHx ~Ref. 8!, and RE-like YHx ~Ref. 9!, this large group
of hydrides, however, is practically unexplored by hyperfine
spectroscopic techniques because of the strong paramagnet-
ism of the 4f elements. As the inner 4f electrons are well
shielded by the 5s25p6 and to some extent also by the 5d-6s
valence electrons, the magnetic moments of the unclosed 4f
shell in solids are close to the free-ion moments which reach
values as high as 10mB~Dy31!. In the paramagnetic state
these 4f moments produce time-dependent magnetic fields
~<10 kG! at neighboring lattice sites which are 3–4 orders
of magnitude stronger than those caused by the nuclear mag-
netic moments of moving hydrogen atoms. Since for fast
fluctuations the nuclear spin-relaxation rates are proportional

to n2tc ~n, interaction strength;tc , correlation or relaxation
time of the fluctuation!, the contribution of the moving
nuclear magnetic moments to the spin relaxation is negligi-
bly small, even though the 4f -relaxation time might be a few
orders of magnitude shorter than typical residence times be-
tween hydrogen jumps at room temperature.

It is, however, conceivable that for nuclei with large quad-
rupole momentsQ the diffusion-related time-dependent elec-
tric quadrupole interaction exceeds the magnetic interaction
with the fluctuating 4f fields of neighboring RE ions, in
particular as the electric-field gradient produced by the nega-
tive hydrogen charge10–12may be strongly enhanced by the
deformation of the closed electronic shells of the probe
nucleus~Sternheimer correction13!. In an EFG point-charge
model the quadrupole frequencynq5eQVzz/h produced by
an effective hydrogen chargeZ8e at a distancer from a
nucleus with quadrupole momentQ and Sternheimer correc-
tion ~12g`! is given nq52Z8e2Q(12g`)r

23h21. For a
nucleus withQ51310224 cm2, ~12g`!530 and r52.5 Å
one obtainsnq5Z83135 MHz. A magnetic 4f moment of
10mB at the same distancer produces a magnetic field of the
order ofH4 f'10 kG. The magnetic interaction of this field
with a nuclear state ofg factor g51 corresponds to a mag-
netic frequency ofnM5gmNH4 f /h57.5 MHz.

So, for nuclei with large quadruple momentsQ the
nuclear spin relaxation rates could be dominated by the QI
fluctuations, even if the charge transfer from the metal sites
to the hydrogen10,11 leads only to small effective hydrogen
chargesZ8e, and their measurement could then provide in-
formation on the hydrogen motion in rare-earth hydrides
REHx in spite of the strong 4f paramagnetism.

These diffusion-related QI fluctuations in REHx com-
pounds, however, can, if at all, only be detected by non-RE
nuclei, since the unclosed 4f shell produces huge dynamic
magnetic fields~<8 MG! and EFG’s~<631018 V/cm2! at its
own nuclear site.14 One therefore has to recur to impurity
nuclei with large quadrupole moments as probes@the 2H
quadrupole moment is too small~Q52.82310227 cm2! for
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sufficiently large QI effects#. Among the various hyperfine
spectroscopic methods, the perturbed angular correlation
~PAC! technique appears to be particularly well suited for
such measurements. Compared to Mo¨ssbauer spectroscopy,
PAC has the advantage of an unrestricted temperature range
and in contrast to NMR only very few impurity nuclei
~<1012! are needed.

For an answer to the question whether the hydrogen mo-
tion in a paramagnetic RE hydride can be detected through
fluctuating QI’s at impurity probes, we have carried out a
series of PAC measurements in dysprosium dihydride DyHx
at concentrations 1.80<x<2.1 with the PAC probes111Cd
and181Ta which have large quadrupole momentsQ @Q50.83
b and 2.53 b~Ref. 15!, respectively#. In view of the impurity
nature of the PAC nuclei a comparative study of the same
hydride with two different probes appeared important. DyHx
was chosen as a test case because~i! both111Cd and181Ta are
known to occupy substitutional sites in Dy metal16,17and~ii !
Dy has one of the largest 4f magnetic moments.

With the exception of Eu and Yb, all RE dihydrides are
cubic with the CaF2-type structure. The hydrogen resides on
the tetrahedral (T) sites of the fcc metal matrix. In heavy
dihydrides such as DyHx the ideal CaF2 structure, however,
does not exist since the H atoms start to occupy the octahe-
dral (O) interstices before the tetrahedral sites are com-
pletely filled. Changes in the magnetic behavior observed by
Aaronset al.18 indicate that in GdHx and TbHx the O-site
occupation sets in atx51.95. Andersonet al.19 derive an
O-site occupation of 10 and 15 % for RE-like YH1.92 and
YH1.98, respectively, from the1H NMR rigid-lattice second
moments. Goldstoneet al.20,21 report about 8% occupiedO
sites for YH2 from inelastic neutron scattering. In the case of
DyHx the CaF2-type structure extends over the concentration
range 1.94,x,2.15 ~Ref. 6!.

II. EXPERIMENTAL DETAILS

A. Sample preparation and equipment

The PAC measurements were carried out with the 133–
482 keVgg cascade of181Ta and the 172–247 keV cascade
of 111Cd which are populated in theb decay of181Hf and the
EC decay of111In, respectively. In the first step of the sample
preparation metallic Dy was therefore doped with small
quantities of radioactive181Hf and 111In.

The 42d isotope181Hf is produced by thermal neutron
irradiation of natural Hf metal@180Hf ~n,g!181Hf#. Dilute al-
loys of 181Hf and Dy were prepared by electron gun melting
of the metallic components in ultrahigh vacuum~1029 mbar!.
Typically the samples had a weight of the order of 100 mg
with a total Hf concentration of about 0.5 at. %.

For the first181Hf:Dy samples we used sublimed metallic
Dy with a purity of 99.99 at. %~based on the total metallic
impurities! provided by Johnson Matthey. The PAC spectra
of these samples~see Sec. III A! indicated that after melting
a large fraction of the181Hf nuclei had trapped impurities,
presumably light elements such as O, C,... and that his frac-
tion increased drastically upon heating. This observation is
not surprising, as it is well known that Hf is an excellent
getter, in particular for oxygen and that the RE metals, even
of very high metal purity, may contain nonmetallic elements
up to concentrations of several hundred ppm.22

As PAC probes decorated with other impurities cannot be
expected to provide any useful information on the hydrogen
motion in a metal hydride, it appeared essential for the in-
tended experiments to increase the fraction of impurity-free
181Hf nuclei. This was achieved by an additional sublimation
of the purchased Dy metal. Following the procedure de-
scribed by Beaudry and Gschneider,22 the metal was heated
to 1300 °C~Dy melting point, 1407 °C! and collected on a
Ta foil ~T;700 °C! on top of the crucible. Starting with
charges of 500 mg, we typically obtained about 350 mg after
2 h. The sublimation product in form of a stalactite was cut 2
mm above the Ta foil in order to minimize an eventual Ta
contamination.

This procedure was found to be quite effective in remov-
ing the nonmetallic impurities from the host metal. The frac-
tion of impurity-free181Hf nuclei increased from about 65%
before to>90% after the sublimation. Only metal purified in
this way was therefore used in the preparation of the
181Hf/181Ta:Dy hydrides investigated here.

For the preparation of the111In/111Cd:Dy samples111In
was solute extracted with ethyl ether from a commercially
available solution of carrier-free111In Cl3 and deposited on a
Dy foil which was then melted with the UHV electron gun.
The 111In/111Cd:Dy samples had a111In concentration of the
order of 1 ppm. Although111In in metallic Dy was not found
to attract impurities~see Sec. III A!, the metal used for
111In/111Cd:Dy hydride samples was also purified by an ad-
ditional sublimation.

The hydrogenation was carried out in a quartz tube con-
nected to a UHV system. After reaching 10210 mbar, in a
first step the doped metal samples were slowly heated
~1–2 °C/min! to 700 K and outgassed for 5 h. As the anneal-
ing study of181Hf:Dy ~Sec. III A! had shown that impurity
trapping by 181Hf increases drastically atT;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 H2 gas ~percent
purity 99.9999!, determined by capacitance measurements of
the H2 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-
sorbed H2 gas, was of the order ofDx/x'0.01. The hydro-
genated samples were ground to a powder in an argon atmo-
sphere and for measurements atT>290 K sealed into
evacuated quartz tubes. For measurements atT,290 K the
hydrides were transferred to a closed-cycle He refrigerator.
The PAC spectra were recorded with a four-detector setup,
equipped with fast BaF2 scintillators.

B. Data analysis

The time modulation of the angular correlation coeffi-
cientsAkk ~k52,4! of a gg cascade by hyperfine interactions
in polycrystalline samples can be described by a perturbation
factor Gkk(t) which depends on the multipole order, the
symmetry, and the time dependence of the interaction and on
the spin of the intermediate state of the cascade~for details
see, e.g., Frauenfelder and Steffen23!.

In this paper we are dealing with perturbations by static
and dynamic electric quadrupole interactions~QI!. The
electric-field gradient~EFG! acting on a PAC probe on a
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regular metal site in a fcc dihydride is produced by the va-
cant tetrahedral and occupied octahedral sites of the hydro-
gen sublattice. A contribution of the metal sublattice is ex-
pected only if its cubic symmetry is distorted by structural
defects or impurities. In the case of a statistical distribution
of the tetrahedral vacancies and the occupied octahedral sites
each PAC probe will see a different configuration of vacan-
cies and hydrogen atoms and thus experience a different
EFG.

At low temperatures, these configurations are ‘‘frozen’’~at
least in the PAC time window of the order of 10tN , with
tN5the lifetime of the intermediate state of the cascade! and
the ensemble of PAC probes is therefore subject to a static
EFG distribution. For a distribution of static QI’s in poly-
crystalline samples the perturbation factor is given by

Gkk~ t;nq ,h,d!5sk01 (
n51

N

skncos~vnt !exp@21/2~dvnt !
2#.

~1!

The frequenciesvn are the transition frequencies between
the hyperfine levels into which a nuclear state is split by the
QI. They depend on the quadrupole frequencynq5eQVzz/h
and on the asymmetry parameterh5(Vxx2Vyy)/Vzz where
Vii are the principal-axes components of the EFG tensor. The
amplitudesskn depend onh only. For the spinI55/2 of 181Ta
and 111Cd the numberN of terms in Eq.~1! is N53. The
exponential factor accounts for the effect of a Gaussian EFG
distribution of relative widthd. Frequently, several fractions
of nuclei with different QI parameters are found in the same
sample. The effective perturbation factor is then given by

Gkk~ t !5(
i
f iGkk~ t;nqi ,h i ,d i !, ~2!

f i ~with (i f i51! is the relative intensity of thei th fraction
with the QI parameters [nqi ,h i ,d i ].

At higher temperatures hydrogen diffusion sets in and
gives rise to fluctuations of the QI distribution. The resulting
nuclear spin relaxation becomes observable as an attenuation
of the angular correlation when the fluctuation ratew has
increased to the point that the residence time between hydro-
gen jumpstR is of the same order of magnitude as the PAC
time window. With increasing fluctuation ratew the spin-
relaxation rate and the corresponding attenuation of the an-
gular correlation first increase towards a maximum at
w'n q

0, wheren q
0 is the center frequency of the static distri-

bution and then decrease, analogous to the motional narrow-
ing of a NMR signal.

The perturbation of an angular correlation by discrete
jumps which may involve strong changes of the interaction is
most appropriately described by Blume’s stochastic
theory.24,25 For the analysis of the complex situation in a
substoichiometric hydride where hydrogen motion leads to
fluctuations of orientation, strength, and symmetry of the in-
teraction, this general theory is, however, impracticable and
one has to resort to an approximation with a single relaxation
parameterlk :

Gkk~ t !5Gkk~ t !exp~2lkt !. ~3!

The validity range of the approximation has been dis-
cussed in detail in Ref. 26. For slow fluctuations (w!n q

0)
the functionGkk(t) is given by the perturbation factor in the
absence of fluctuations andlk is proportional to the fluctua-
tion ratew. In Ref. 26 it has been shown that in the case of
a slowly fluctuating QI distribution the separation of the ef-
fect of the static and the dynamic components of the distri-
bution on the angular correlation is problematic and an
analysis based on Eq.~3! may lead to incorrect conclusions
with respect to the hydrogen motion. The conclusions pre-
sented in this paper are therefore mainly based on data from
the fast-fluctuation region.

Fast processes are adequately described by Eq.~3! if sev-
eral jumps occur within one spin precession period
(w>5n q

0). The functionGkk(t) then depends on the time
average of the interaction. For a vanishing time average one
hasGkk(t)51, for a nonzero averageGkk(t) has the form of a
static perturbation function for the time averaged QI.lk is
proportional to the Abragam and Pound spin-relaxation
constant27 lk

AP which depends on the strength of the fluctu-
ating QI, described by the frequencyn q

f , and the fluctuation
ratew: lk}(n q

f )2/w. As the proportionality constant is not
precisely known, the analysis of fast dynamic processes
based on Eq.~3! provides no absolute values of the quantity
(n q

f )2/w. However, the approximation maintains the linearity
between the derived relaxation parameter and the inverse
jump rate: lk}1/w. For Arrhenius processes withw
5w0exp(2Ea/kT) one then has lnlk}Ea/kT, so that the
activation energy of the jump process can be correctly de-
duced from the temperature dependence of the single relax-
ation parameterlk , providedn q

f does not change much with
temperature.

When comparing activation energies determined by PAC
with those of other techniques, e.g.,1H-NMR, one must keep
in mind that the PAC probe is an impurity in most of the
investigated systems which because of ther23 dependence
of the QI detects only charges jumping in its neighborhood.
As the potential in the vicinity of an impurity site may differ
from that of the regular lattice sites, it cana priori not be
excluded that the barrier height measured by PAC is affected
by the impurity itself. PAC therefore provides the activation
energies for hydrogen and vacancy jumps near the probe site
which may differ from the activation energy in the undoped
compound. Experimental information on this aspect is pres-
ently not available.

III. MEASUREMENTS AND RESULTS

A. 181Ta and 111Cd PAC study of the quadrupole interaction
in Dy metal

For a PAC experiment aiming at the observation of the
hydrogen motion in a rare-earth hydride a large fraction of
probe nuclei on substitutional sites of an otherwise unper-
turbed metal lattice is of central importance. Prior to the
hydrogenation we have therefore studied this regular site
fraction in Dy samples of different purity and have also de-
termined its temperature dependence in order to establish the
maximum temperature which may be reached in the hydro-
genation procedure without losses in the regular site fraction
by impurity trapping.
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Figure 1 shows the PAC spectraA22G22(t) of
181Ta:Dy

taken at room temperature after annealing at a temperature
TA for 12 h in a vacuum of 10210 mbar. The coefficientA22
reflects the experimental anisotropy at the time zero point
and has not been corrected for the finite solid angle extended
by the detectors. Sample no. 1 was prepared with Dy as
purchased from Johnson Matthey, sample no. 2~bottommost
spectrum in Fig. 1! after purification by the additional subli-
mation described in Sec. II A.

The as-molten spectrum of sample no. 1 shows the typical
periodic PAC pattern of an axially symmetric QI, as it is
expected for181Ta on substitutional sites of hexagonal Dy.
The amplitude of this component is a measure of the fraction
f 1 of probes on substitutional sites. A numerical analysis by a
least-squares fit of Eqs.~1! and~2! to the data givesf 1'0.6
and the QI parametersnq15395~3! MHz, h150.11~2!, and
d150.04~1! which agree well with previously reported
values.17

The second component in the spectrum with amplitude
f 2512 f 1'0.4 is characterized by a large frequency distri-
bution~d250.30! centered atnq25680~30! MHz, h250.23~7!
and reflects the181Ta nuclei with a defect environment where
nearby impurities, structural defects, grain boundaries, etc.,
produce a broad distribution of the EFG values.

When sample no. 1 was heated in an evacuated quartz
tube the regular site fraction was found to decrease with
increasing temperature, as can be clearly seen from Fig. 1,
and had almost completely vanished after 12 h at 880 K. The

obvious explanation of this observation is the formation of
181Hf-impurity complexes, when impurities dissolved in the
host metal become mobile at higher temperatures. As men-
tioned above, the most probable elements involved are O and
C. Samples with such a large fraction of probe-defect com-
plexes are clearly unsuited as starting material for the hy-
dride preparation.

The bottommost spectrum in Fig. 1~sample no. 2 at room
temperature! illustrates that the impurity concentration could
be strongly reduced by additional sublimation of the pur-
chased metal. The spectrum shows practically no damping
and the regular site fraction is visibly much larger than in the
as-molten state of sample no. 1. The analysis givesf 1>0.9,
so that now less than 10% of the probes are involved in some
kind of probe-defect complex. As a consequence of some
texture in sample no. 2, the amplitudesskn @see Eq.~1!# of
this spectrum differ from the values for a polycrystalline
compound. We have studied the annealing behavior of the
sublimated samples up to 720 K and observed no changes in
the room-temperature spectra, in contrast to the pronounced
deterioration of the unpurified samples.

The absence of an attenuation in the spectrum of sample
no. 2 reflects not only a highly regular probe environment,
but also indicates that the PAC relaxation caused by the fluc-
tuating 4f moments of neighboring Dy31 ions and by inter-
actions with the conduction electrons is very weak. The up-
per limit of the corresponding relaxation parameterl4 f
compatible with the spectrum isl4 f<1 MHz.

With the probe111In/111Cd we found no evidence for an
attractive probe-impurity interaction. Figure 2 shows the
PAC spectra of111Cd:Dy measured at different temperatures
for a sample prepared with as-purchased Dy. Here we ob-
served an increase of the regular site fraction fromf 150.65
at 295 K tof 1'1 at 600 K and above which probably reflects
the relaxation of stresses produced by the rapid cooling of
the sample in the water-cooled electron gun. The additional
sublimation of the host metal had no effect on the PAC spec-
trum. The upper limit of the 4f -relaxation parameterl4 f<1
MHz compatible with the loss of amplitude in the111Cd:Dy
spectrum is of the same order as for181Ta:Dy.

FIG. 1. PAC spectra of181Ta in metallic Dy of different purity,
measured at room temperature after annealing atTA for 12 h in a
vacuum of 10210 mbar. Sample no. 1 was prepared with Dy metal
~purity 99.99 at. %! purchased from Johnson Matthey, sample no. 2
after purification by an additional sublimation.

FIG. 2. PAC spectra of111Cd in Dy metal~purity 99.99 at. %,
purchased from Johnson Matthey! at different temperatures.
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The room-temperature quadrupole frequencynq
~111Cd:Dy; 295 K!526.3~3! MHz agrees within the experi-
mental precision with the results of previous
measurements.28 Between 295 and 900 K,nq ~111Cd:Dy! fol-
lows the relationnq(T)5nq(0)(12AT) with nq~0!529.9~4!
MHz and A54.7~2!31024 K21. Such a linear temperature
dependence has been observed in all previous investigations
of impurity EFG’s in RE metal hosts, in contrast to theT3/2

behavior ofsp metals. The present result for the strength
parameterA fits well into the 111Cd:RE systematics which
shows a linear decrease of the relative temperature derivative
d ln nq/dT across the RE series.29

B. 111Cd PAC study of dysprosium dihydride DyHx

at the hydrogen concentrationx51.96 andx51.99

The QI of 111Cd in DyHx was studied at the stoichiom-
etries x51.96 and 1.99. At both concentrations we found
clear evidence for dynamic perturbations related to the hy-
drogen diffusion. Figure 3 shows the PAC spectra of
111Cd:DyH1.96 at different temperatures. For comparison we
have included the spectrum of111Cd in metallic Dy~topmost
in Fig. 3!. At T5295 K the spectrum of111Cd:DyH1.96 con-
sists mainly of a slow decrease of the anisotropy with time
which reflects the deviations from cubic symmetry caused by
vacant tetrahedral and occupied octahedral hydrogen sites.
Structural defects probably also contribute to the resulting
frequency distribution which contains slowly fluctuating
components associated with the hydrogen motion and static
components from the structural defects. Fitting a static QI
distribution to the spectrum, one obtains a center frequency

nq152.5~2! MHz and a relative widthd150.5~1!. The
smaller, rapidly decaying component in the spectrum
@nq25115~15! MHz, d250.7~2!, f 2'0.3# which do not
change with temperature can be associated with the fraction
of probes in stable probe-defect complexes produced during
the sample preparation and carries no information on the
hydride properties. At higher temperatures the spectra
present the typical features of a dynamic perturbation. Be-
tween 295 and 600 K the relaxation of the angular correla-
tion increases with temperature to a complete destruction of
the anisotropy within a few nanoseconds which is followed
by a ‘‘motional narrowing’’ recovery in direction of the con-
stant anisotropy expected for the time-averaged cubic sym-
metry of fcc DyH1.96. Because of the difficulties of separat-
ing the effect of the static and the dynamic components of a
slowly fluctuating frequency distribution on the angular cor-
relation ~see Sec. II B!, only the fast-fluctuation region at
T>600 K was studied in detail.

The data forT>600 K were analyzed with a two-fraction
model, with f 1 describing the fraction of probes subject to a
time-dependent QI andf 2 accounting for nuclei in the stable
probe-defect complexes detected in the room-temperature
spectrum. The relaxation effects seen by fractionf 1 were
described by a single relaxation parameterl @Eq. ~3!# assum-
ing a cubic ensemble average@G22(t)51#. The amplitudef 2
and the interaction parameters of the fraction subject to the
static QI distribution@Eq. ~1!# were found to change very
little with temperature.

The results for the relaxation parameterl are plotted in
Fig. 4 on a logarithmic scale versus the inverse temperature
1/T. These data show that the relaxation parameter at a given
temperature depends on the thermal history of the hydride:
The sample was first heated to 700 K~triangles!, then cooled
back to 600 K and subsequently heated to 900 K~squares!.
Cycling the sample through 700 K results in a decrease of
the relaxation parameter at 600 K by about 35%. Both sets of
data~triangles and squares, respectively! satisfy the relation

FIG. 3. PAC spectra of111Cd in DyH1.96 at different tempera-
tures. The topmost spectrum is that of111Cd in Dy metal.

FIG. 4. The temperature dependence of the relaxation parameter
l of 111Cd:DyH1.96 for T>600 K. The triangles and squares refer to
the thermal history. The sample was first heated to 700 K~tri-
angles!, then cooled back to 600 K, and subsequently heated to 900
K ~squares!.
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ln l}Ea/kT for fast overbarrier diffusion. The slope, how-
ever, decreases fromEa50.35~2! eV toEa50.26~2! eV after
cycling through 700 K.

Figure 5 shows111Cd PAC spectra at the hydrogen con-
centrationx51.99. Two samples were studied at this concen-
tration. In both cases the first room-temperature spectrum of
111Cd:DyH1.99 measured after the hydrogenation~as an ex-
ample, see the topmost spectrum in Fig. 5! showed a peri-
odic, almost undamped oscillation@nq5135~1! MHz,
h50.08~2! at 295 K# of considerable amplitude
~f 2'0.15–0.4! superimposed on a slowly decreasing anisot-
ropy ~f 1!. This oscillation was found to persist with decreas-
ing amplitude up to temperatures of about 550 K. AtT.550
K the oscillation had completely disappeared from the spec-
tra and no longer reappeared when returning to room tem-
perature. The continuously decreasing background~f 1! 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 parameterl for
T>600 K, obtained with Eq.~3! andG22(t)51 for fraction
f 1. The data are well described by the relation lnl}Ea/kT
with an activation energy ofEa50.45~3! eV.

Once the first sample had been heated above 550 K, its
room-temperature spectrum was fully reversible up to 800 K.
In the second sample, however, the relaxation parameter at a

given temperature was found to depend sensitively on time
and on the thermal history. Figure 7 shows the spectra of the
secondx51.99 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. 7!. 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
underlying process can be accelerated by cycling through
slightly higher temperatures.

C. 181Ta PAC study of dysprosium dihydrides DyHx
in the concentration range 1.8<x<2.1

The QI of 181Ta in DyHx was studied as a function of
temperature~19<T<900 K! at hydrogen concentrations

FIG. 5. PAC spectra of111Cd in DyH1.99 ~first sample! at differ-
ent temperatures. From top to bottom, the spectra are arranged in
the chronological order of the measurements.

FIG. 6. The relaxation parameterl of 111Cd:DyH1.99 ~first
sample! for T>600 K versus 1/T.

FIG. 7. PAC spectra of111Cd in DyH1.99 ~second sample! at 655
K after 2 and 17 h of data collection, respectively, at 690 K and at
655 K after 690 K. The dotted line represents the 655 K spectrum
after 2 h.
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ranging fromx51.8 to 2.1. The effect of hydrogen concen-
tration and temperature is illustrated in Fig. 8 where the PAC
spectra measured atT5295 and 600 K are compared for
various concentrationsx. Even without numerical analysis it
is evident that forx<2.05 the spectra do practically not react
to changes in temperature and vary, if at all, only little with
the hydrogen concentration. Only atx52.1 the shape of the
spectrum changes considerably between 295 and 600 K.

For x<2.05 the spectra show, apart from a fast initial
decay which can be attributed to the fraction of181Ta nuclei
trapped in probe-defect complexes of the unloaded metal, a
slow decrease of the anisotropy with an oscillation of small
amplitude superimposed. As discussed in detail in Sec. IV,
the fact that the spectra do not change with temperature im-
plies a perturbation by a static QI. The measurements were
therefore analyzed with a two-site model, using static pertur-
bation functions@Eqs. ~1! and ~2!#. The initial decay of the
anisotropy has not been taken into account.

The slow decrease ofA22G22(t) is caused by a frequency
distribution with QI parametersnq1525~5! MHz and
d150.50~5! ~h1 assumed zero! which are only slightly tem-
perature dependent. After heating to 1200 K the room-
temperature frequency of this fraction~f 1;0.8–0.9! de-
creases irreversibly by a factor of 3 tonq158~1! MHz,
indicating that with increasing temperature the probe envi-
ronment approaches cubic symmetry.

The QI parameters of the oscillation superimposed on the
slow decrease ofA22G22(t) are nq25405~10! MHz, h250,
andd250.18~3! at 295 K. The relative amplitude of this frac-
tion is largest atx51.8 ~f 250.22! and varies between 0.1
and 0.15 at the other concentrations. The frequency of this
fraction is very close to that of 181Ta in Dy
metal: nq~

181Ta:Dy;295 K!5392~2! MHz ~see Sec. III A!.
At x52.1 the spectra show clear evidence for time-

dependent perturbations by diffusing hydrogen~see Fig. 9!.
At T<295 K one observes a finite anisotropy at large delay
times ~hard-core value! which is characteristic for a static

frequency distribution as caused by ‘‘frozen,’’ statistically
distributed hydrogen atoms. With increasing temperature the
‘‘hard core’’ vanishes~see the 400 K spectrum in Fig. 9! and
at still higher temperatures the anisotropy starts to recover
towards the unperturbed value expected for the cubic time
average of hydrogen diffusing rapidly among the tetrahedral
and octahedral sites of fcc DyHx . The spectra were fully
reversible between 295 and 900 K.

From 800 to 900 K the spectrum does not change any
more which indicates that the dynamic interaction has aver-
aged out at these temperatures. The remaining attenuation of
the anisotropy therefore reflects a static frequency distribu-
tion probably due to structural defects and probe-impurity
complexes as also found forx,2.1. A fit of a static distribu-
tion to the 900 K spectrum gives the QI parameters
nq510~1! MHz, d50.48~5! with the asymmetry parameter
fixed to the value at 295 K~h50.8!.

For the determination of the dynamic interaction param-
eters atT,900 K the approximation of a single relaxation
parameter@Eq. ~3!# was fitted to the measured spectra, using
for G22(t) the perturbation function of a static QI distribution
@Eq. ~1!#. It was assumed that the static distribution width,
obtained from the 900 K spectrum, does not change with
temperature. In the fits the relaxation parameterl and the
quadrupole frequencynq were treated as free parameters
while the distribution widthd was fixed to the 900 K value
d50.48 and the asymmetry parameter to the room-
temperature valueh50.8. Treatingh as a free parameter
affects the absolute value of the frequency, but does not
change its temperature dependence nor the results for the
relaxation parameter.

The temperature dependence of the quadrupole frequency
nq is shown in Fig. 10. In Fig. 11 we have plotted the relax-
ation parameterl versus the inverse temperature 1/T for

FIG. 8. PAC spectra of181Ta in dysprosium dihydrides DyHx in
the concentration range 1.8<x<2.1 at 295 K and 600 K.

FIG. 9. PAC spectra of181Ta:DyH2.1 at different temperatures.
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T>450 K. The data follow the Arrhenius relation
ln l}Ea/kT with a slope of 0.25~2! eV.

IV. DISCUSSION

In the following we shall discuss the main observations of
this 111Cd and181Ta PAC study of static and dynamic QI’s in
DyHx and suggest possible interpretations.

~i! With 111Cd as probe we have observed time-dependent
perturbations in all investigated samples. A comparison of
the maximum relaxation parameterlmax;35–55 MHZ ~see
Figs. 4 and 6! with l4 f<1 MHz, estimated from the metal
spectra, gives a positive answer to the main question of this
study. The contribution of the hydrogen motion to the spin
relaxation strongly exceeds the effect of the fluctuating 4f
moments.

In some cases, the spin relaxation of the spectra was fully
reversible between room temperature and 800 K, while in
others, as illustrated in Fig. 7 for a sample with concentration
x51.99, irreversible changes towards a static, weakly per-

turbing QI occurred at temperaturesT.650 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 ther23 dependence of the EFG, the
absence of vacancy jumps in the nearest-neighbor~NN! 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-
ating to a static probe environment of a few hours~see Fig. 7
as an illustration! suggests that the migration of heavier at-
oms than H, probably of nonmetallic impurities, is involved
in this process. The migration of the probes to, e.g., grain
boundaries appears unlikely because the QI seen by PAC
nuclei on grain boundaries is usually much stronger. The
most probable explanation therefore appears to be the forma-
tion of probe-impurity complexes which shield the probes
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
unloaded metals.

The fact that irreversible changes occurred only in some
cases in an unsystematic way can be understood in this pic-
ture if samples prepared by apparently the same procedure
had in fact different impurity concentrations. Although the
regular site fraction of the unloaded Dy metal was very simi-
lar in all cases and the same care was taken to avoid migra-
tion of nonmetallic impurities during the hydrogenation, we
have no quantitative information on the concentration of
nonmetallic impurities in the different samples.

~ii ! The temperature dependence of the111Cd relaxation
parameterl ~see Figs. 4 and 6! gives the activation energies
Ea(x) for vacancy jumps in DyHx near the probe site. Using
only data from the temperature range where the spectra are
fully reversible, we obtainEa50.35~2! and 0.45~3! eV for
x51.96 and 1.99, respectively. This increase ofEa(x) to-
wards x52 can be compared to the behavior ofEa(x) in
other transition metal hydrides: In LaH22d, YH22d, ScH22d
~Ref. 30! the activation energy decreases, in ZrH22d ~Ref.
31! it increases with increasing hydrogen concentration.
Jerosch-Heroldet al.30 correlate these opposite trends to the
observation that the hydrides of the first group all exhibit a
finite octahedral site occupation, setting in atx'1.9, whereas
ZrH22d does not, so that an additional energy is required to
create vacancies in the hydrogen sublattice of ZrH22d close
to x52. Extending this correlation to DyH22d, one would
expect, contrary to the experimental values, a decrease of
Ea(x) towardsx52, because the existence of a dysprosium
trihydride and the susceptibility and neutron diffraction
results6 for the RE neighbor hydrides GdH22d and TbH22d
indicate a nonzero octahedral site occupation in DyH22d.

~iii ! The fluctuating QI at the111Cd site in DyH1.96 and
DyH1.99, expressed by the frequencyn q

f , is of considerable
strength, as indicated by the complete destruction of the an-
isotropy at 600 K in less than 50 nsec~see Figs. 3 and 5!.
The frequencyn q

f can be estimated without knowledge of the
residence time by using the fact that the maximum value
lmax of the attenuation parameter andn q

f are related by

FIG. 10. The temperature dependence of the quadrupole fre-
quencynq of

181Ta in DyH2.1.

FIG. 11. The relaxation parameterl of 181Ta:DyH2.1, derived by
a fit of Eq. ~3! to the spectra shown in Fig. 9, vs the inverse tem-
perature 1/T.
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lmax'1/2 n q
f ~Refs. 26 and 32!.

The frequencyn q
f allows an estimate of the effective

charge associated with the tetrahedral hydrogen vacancies. In
view of the r23 dependence of the EFG and the small va-
cancy concentration atx51.99, it is reasonable to assume
that the dominant contribution to the relaxation comes from a
single vacancy jumping in the NN hydrogen shell of the
probe nucleus. For111Cd21 @Q50.83 b, ~12g`!532, Ref.
33# the quadrupole frequency produced by a single charge
Z8e at a distancer52.25 Å ~NN metal-vacancy separation!
is nq52(Z8e)eQ(12g`)r

23h21'1603Z8eMHz. The ex-
perimental value ofn q

f'110 MHz ~lmax'55 MHz for
x51.99, see Fig. 6! then corresponds to an effective vacancy
charge ofZ8e'0.6e. It is interesting to note that this value is
much larger than the45Sc NMR result for ScH22d ~Z8'0.1!,
obtained with the same point charge model and the free-ion
Sternheimer correction from the maximum of the45Sc relax-
ation rate.30 Although the Sternheimer corrections in the
solid may differ to some extent from the free-ion values used
for the estimate ofZ8 and although the systematics of the
crystal-field parameters of the RE dihydrides6 suggests an
increase of the effective charge at the H anions across the RE
series and, this large difference raises the question of system-
atic differences in the QI relaxation rates measured by NMR
and PAC, possibly caused by the impurity nature of the probe
~see Sec. II B!. A comparative PAC study of the hydrogen
diffusion in ScH2 with different PAC probes would therefore
be of interest.

~iv! The observation of an unattenuated oscillation of
large amplitude with frequencynq5135 MHz appearing in
the111Cd:DyH1.99 spectrum after the hydrogenation~see Fig.
5! is unexpected. The axial symmetry and the small line-
width of this QI point towards a configuration consisting of
the probe and a single charge associated with either an atom
or a vacancy at a well-defined distance in an otherwise cubic
environment. A single H atom on an octahedral site, a tetra-
hedral H vacancy or a monovacancy of the fcc RE sublattice
trapped by the probe would satisfy the observed symmetry.
For a configuration involving a H atom or a H vacancy,
however, we would expect the oscillation to reappear always
upon cooling which is not the case~see Fig. 5!. It therefore
appears more likely that RE monovacancies are involved.
The symmetry change of the RE lattice from hcp to fcc dur-
ing the hydrogenation probably leads to a certain concentra-
tion of RE vacancies which may be trapped by the probes
when the hydride is slowly cooled to room temperature~see
Sec. II A!. The resulting probe-vacancy pairs dissolve upon
heating above 550 K. Support for this interpretation comes
from the interaction strength of the oscillation which is in the
same range~nq5100–150 MHz! as the monovacancy fre-
quencies at111Cd in fcc and bcc metals.34 It remains an open
question why the 135 MHz component was only observed in
the x51.99 samples.

~v! The PAC probe181Ta appears to be less suited as an
observer of the hydrogen motion in RE hydrides than111Cd.
The fact that for concentrationsx<2.05 the 181Ta:DyHx
spectra do not react to changes in temperature or hydrogen
concentration~see Fig. 8! is incompatible with a dynamic
interaction, as can be seen from a comparison with the relax-
ation maximum lmax<55 MHz of 111Cd:DyH22d. As
lmax'1/2n q

f scales with~12g`!Q, the value expected for

181Ta is lmax<330 MHz, corresponding to a relaxation time
tmin51/lmax>331029 sec clearly within the181Ta PAC time
window. The observation of slowly decaying, temperature-
independent spectra therefore implies that the181Ta probes
are completely shielded from the hydrogen motion and sub-
ject to a distribution of weak static@nq~295 K!'8 MHz after
1200 K, see Sec. III C# rather than dynamic QI’s. This is
probably due to the same process which causes the irrevers-
ible changes from a fluctuating towards a static probe envi-
ronment observed in some of the111In/111Cd:DyHx samples.
Apparently for 181Hf/181Ta the formation of probe-defect
complexes involving nonmetallic impurities occurs with a
much higher rate, so that already after hydrogenation all
181Hf nuclei are embedded in such defect configurations and
shielded from the hydrogen motion.

Although we have no quantitative information on the con-
centration of the nonmetallic impurities in our samples, it is
puzzling that at x<2.05 practically all 181Hf/181Ta are
shielded from the hydrogen motion. Since181Hf decays first
to an excited 17msec state of181Ta migrating defects could
be trapped by181Ta in the 17msec interval before the 133–
482 keV PAC cascade is populated. In this case very few
nonmetallic impurity atoms would be sufficient to shield all
181Ta nuclei. The irreversible changes by heating~see Sec.
III C !, however, show that not181Ta but the parent isotope
181Hf is affected by the impurities. As these do not distin-
guish between stable and radioactive Hf nuclei, the impurity
concentration necessary to shield all PAC nuclei is of the
order of the total Hf concentration of 0.5 at. % which is
much higher than we would expect in view of the purifica-
tion and the large regular site fraction of the unloaded metal
samples.

The 181Ta:DyHx<2.05 spectra contain a small component
~10–20 %! with the frequency of181Ta in Dy metal~see Sec.
III C ! which suggests an admixture ofa-Dy to the dihydride
phase. The x-ray diffraction pattern of the samples, however,
showed no reflexes pertaining toa-Dy. Possibly, the impurity
181Hf/181Ta tends to stabilize thea structure in its vicinity.

~vi! Evidence for181Ta spin relaxation has been found
only at the hydrogen concentrationx52.1. The presence of
dynamic perturbations in this sample is indicated not only by
the Arrhenius behavior of the relaxation parameterl ~Fig.
11!, but also by the abrupt decrease of the quadrupole fre-
quency nq at T;400 K ~Fig. 10! which marks the point
where the residence time between hydrogen jumps becomes
shorter than the PAC time window. Motional narrowing sets
in and the measured quadrupole frequency approaches the
vanishing time average of the QI in a fcc hydride. The re-
maining interaction atT.400 K is the result of structural
defects and other imperfections.

The low-temperature value ofnq reflects the ensemble
average of the static QI distribution produced by the ‘‘fro-
zen,’’ randomly distributed vacancies and hydrogen atoms.
With Q(12g`)181Ta/Q(12g`)111Cd'6 one estimates that
the corresponding ensemble average of the static EFG seen
by 181Ta in DyH2.1 ~nq;70 MHz; Fig. 10! is about a factor of
5 larger than that of111Cd in DyH1.99 ~nq;2.5 MHz, Sec.
III B !. This difference is probably due to the larger octahe-
dral site occupation atx52.1. Assuming that theO-site oc-
cupation starts atx51.95, the fraction of probes with at least
one octahedral nearest hydrogen neighbor and thus anO-site
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EFG contribution is 62% atx52.1, but only 22% atx51.99.
On the other hand, when comparing the dynamic pertur-

bations in181Ta:DyH2.1 and
111Cd:DyH1.99, one notes that the

relaxation is comparably strong in both cases~lmax'55 MHz
and lmax'55 MHz in 181Ta:DyH2.1 and

111Cd:DyH1.99, re-
spectively!. Sincelmax}n q

f , this observation implies that the
average dynamic EFG acting on the probes in181Ta:DyH2.1 is
a factor of 6 smaller than in111Cd:DyH1.99.

Close tox52, the main contributions to the fluctuating
EFG should come from single vacancies jumping in the NN
T shell or single hydrogen atoms in the NNO shell ~with the
O-site occupation starting atx51.95, the probability of a
probe to have both a NNT vacancy and an NNO-hydrogen
atom is 3% atx52!. If one assumes that the effective va-
cancy and hydrogen charges do not differ, one would not
expect the dynamic EFG to change much with theO-site
occupation, in contrast to the experimental observation of a
much smaller dynamic EFG atx52.1. If at all, the average
dynamic EFG should increase as theO sites are slightly
closer to the probe than the NNT sites.

The relatively weak relaxation in181Ta:DyH2.1 therefore
suggests that probe-defect complexes have also formed at
x52.1, but due to a smaller impurity concentration only a
fraction of the probes is affected. With part of the probes
subject to a weak static QI, an analysis assuming that all
nuclei are exposed to QI fluctuations would produce a re-
duced value of the dynamic EFG and underestimate the ac-
tivation energy.

Although there is no doubt as to the presence of a dy-
namic perturbation in181Ta:DyH2.1, the quantitative analysis
of these measurements therefore suffers from considerable
systematic uncertainties which are most probably a conse-
quence of probe-impurity interactions. To overcome these
problems for a future use of the probe181Ta a quantitative

study of the181Ta relaxation rates as a function of the impu-
rity type and concentration is required.

V. SUMMARY

The static and dynamic electric quadrupole interaction
~QI! of the nuclear probes111Cd and181Ta on RE sites of the
RE dihydride DyHx has been investigated as a function of
temperature~19<T<900 K! and hydrogen concentration
~1.8<x<2.1! by perturbed angular correlation~PAC! spec-
troscopy.

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
fluctuating 4f -magnetic moments. Measurements of the spin
relaxation of suitable non-RE probe nuclei may therefore
provide information on the hydrogen motion in the RE hy-
drides in spite of the strong 4f paramagnetism. The nuclear
quadrupole relaxation rates, however, can be strongly re-
duced by probe-impurity interactions. PAC studies of the hy-
drogen diffusion in RE hydrides therefore require a quanti-
tative control of the impurity concentration.

The temperature dependence of the dynamic perturbation
of the 111Cd angular correlation in DyHx gives an activation
energy for jumps of hydrogen vacancies near the probe site
of Ea50.35~2! and 0.45~3! eV at x51.96 and 1.99, respec-
tively. The strength of the fluctuating QI of111Cd:DyHx sug-
gests an effective hydrogen charge ofZ8;0.6.
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