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The static magnetic hyperfine interaction and the hydrogen-induced dynamic electric quadrupole interaction
(QI) at the nuclear prob&®'Ta on cubic Er sites in magnetically order€d5 Laves-phase hydrides EgFg
have been investigated by perturbed angular correlaffC) spectroscopy as a function of temperature
(10 K=T=600 K) and hydrogen concentration <Xx=<3.2). At room temperature and concentrations
<2, the PAC spectra, supported by x-ray diffraction measurements, indicate the coexistence of two hydride
phases Erkgi, with x<0.1 andx~1.6—1.7, respectively, and a linear increase of the fraction of the high-
concentration phase with increasingAt low temperatures the PAC spectra of the high-concentration hydride
reflect a broad distribution of strong static hyperfine interactions. The dynamic QI caused by rapidly diffusing
H atoms becomes observableTat 400 K. The resulting'®'Ta nuclear quadrupole relaxation rates show an
Arrhenius behavior with an activation energyef=0.39(3) eV forx=1.5 and 2.0 and permit an estimate of
the effective charge associated with the diffusing H atorZ ‘@~ 0.09%. The vanishing time average of the
nuclear quadrupole interaction in the fast-fluctuation region allows the separation of the magnetic and electric
hyperfine interactions and the determination of #ifla magnetic hyperfine field, as a function of tem-
perature and H concentration. At a given temperaftze450 K in the fast-fluctuation regiom8,; decreases
with increasingx, indicating a decrease of the conduction electron polarization at the probe site. The
temperature dependenceRf; in the fast-fluctuation region is also affected by the hydrogen concentration: at
x=1.1, B,; was found to decrease,xat 1.5 and 2.0 to increase with increasifglrreversible changes of the
PAC spectra indicate that the thermal stability of crystalline Erseencapsulated under vacuum is limited to
T<550 K. ErH, was identified by x-ray diffraction as one of the dissociation products, but there was no
evidence for the precipitation of elemental Fe and a hydrogen-induced amorphization step.
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[. INTRODUCTION nucleus which—relative to the PAC time window—is static
at low temperatures and fluctuating at high temperatures. We
The perturbed angular correlatidiPAC) technique has were interested in the question whether the resulting dy-
been established in recent years as a useful tool for the imamic QI can be detected in the presence of a strong static
vestigation of metal-hydrogen systelffisr a review see Ref. magnetic hyperfine field. A positive answer to this
1). In particular, PAC spectroscopy has been used to studguestion—which to our knowledge has not yet been
the hydrogen motion in a number of H absorbing purestudied—would open the way for PAC investigations of the
metalé and intermetallic compounds. Similar to NMR,  hydrogen motion in numerous magnetically ordered hy-
PAC spectroscopy allows the observation of the nuclear spidrides. Another interesting aspect motivating the present
relaxation caused by time-dependent hyperfine interactionstudy is the hydrogen-induced change of the static magnetic
(HFI's), which may provide information on the activation hyperfine field and its temperature dependence. Furthermore,
energy and other parameters of a diffusion process. In PA@easurements of hyperfine interactions may provide infor-
studies of hydrogen diffusion, the relevant interaction is usumation on the thermal stability of intermetallic hydrides.
ally the dynamic quadrupole interactiq®l!) between the The investigation was carried with th&l5 Laves-phase
quadrupole moment of the PAC nucleus and the fluctuatindnydride ErFeH, as host and*®Ta as PAC nucleus. This
electric-field gradientEFG) caused by the moving H charge. host-probe combination was chosen for the following rea-
The nuclear spin relaxation caused by the nuclear magnetsons:(i) The C15 Laves phaseBFe, (R = rare earthsare
dipole moment of the moving hydrogen is much weaker thatmmagnetically ordered with Curie temperatures up to 800 K
the quadrupole relaxation and even for nuclei with zerocand may under certain conditions absorb large quantities of
quadrupole moment it is difficult to detect within the time hydrogen maintaining their lattice structfrémong these
window of most PAC probes. In the past PAC spectroscopyompounds, the properties of EdFg are particularly well
has been applied to diamagnetic and paramagnetic metatocumented and hyperfine interactions in EiHkghave pre-
hydrogen systems. In this paper we extend the PAC techviously been investigated by®®Er and °’Fe Mcssbauer
nigue to magnetically ordered hydrogen absorbing intermespectroscopy? (i) For most solid-state applications of PAC
tallic compounds. In a magnetically ordered host the PACspectroscopy it is desirable that the probe atom, which in
probe is subject to a static magnetic hyperfine field related tonost cases is an impurity in the investigated compound, oc-
the spin polarization at the probe site. Charging the host witltupies a regular site of the host lattice. The nué¢féCd and
hydrogen produces an electric-field gradient at the probé®'Ta are usually considered as the most convenient PAC
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probes. The site location of these impurity atoms in the C15 Il. EXPERIMENTAL DETAILS
Laves phaseRFe, has been extensively investigated by Ko-
missarovaet al®'° and Sorokinet al1''2 Their work has _ _
shown that both probes mainly reside on the cu®isite of The PAC measurements were carried out with the 133-
RFe,; in the case of:!{Cd, however, a high-pressure synthe- 482 keVyy claascade 9'1 Ta populated in th@ decay of the

sis is required, whereas fdf'Ta standard alloying is suffi- 42 d isotope *Hf, which can be produced by thermal neu-
cient. The magnetic hyperfine field 86Ta in RFe, in- tron irradiation of natural Hf. Samples of EfFeere doped

creases with increasirigatomic number and reaches avalueWith about 0.1 at. % of radioactive Hf by arc melting of the

. ) metallic constituents Er and Fe with neutron-irradiated Hf
?r:eagﬁ(l;itcioo-:‘_ gtr;;i efr(;(: g;hpifizgi’nm?(:h also favored metal in an argon atmosphere. Radioactive and inactive hy-
X .

. . . . drides ErFeH, were produced by first activating the parent
ErFe, orders ferrimagnetically with antiparallel Er and Fe &l P y 9 P

- compound at about 1000 °C in a quartz tube in high vacuum.
moments belowl ;=573 K. The structural changes BFe, A ynown quantity of B gas admitted into the calibrated

in a hydrogen atmosphere have been extensively investlartz volume while the switched-off furnace was cooling
gated. As a rule, severﬁl different phases are formed as teffpwn and the concentration of the absorbed hydrogen was
perature is increased:' at low temperature T~400 K)  determined from the final Hpressure. Radioactive ErfH,
hydrogen is absorbed mainly inf®,Fe, interstices to form  hydrides were prepared for the concentratiors0.6, 1.1,
crystalline €-)RFe,H,. The next reaction step is the 1.5 2.0, and 3.2 and investigated by PAC spectroscopy in the
hydrogen-induced amorphizatiofHlA) which in a high-  temperature range 10 KT<600 K. For structural and sta-
pressure K atmosphere occurs dt~500—600 K. Then the bility information inactive hydrides with similar concentra-
precipitation ofRH, and finally the decomposition inteH,  tions were studied by x-ray diffraction at room temperature
and a-Fe are observed between 650 K and 800 K. (using CoKa radiation withx=1.7902 A) after different
In this paper we are concerned with crystalline hydrideghermal treatments.
ErFeH, with 0<x=3.2. In this concentration range a For PAC measurements &&290 K the radioactive hy-
single-phase hydride can be produced only fordrides were sealed under vacuum into small quartz tubes. For
x>1.2-1.6""17 Up to x=3.2 the cubicC15 structure is Measurements ak<290 K a closed-cycle He refrigerator
retained, with the lattice expanding with increasing H con-Was used. The PAC spectra were taken with a standard four-
centration. At lower concentrations, the coexistence of twdletector setup equipped with fast Badfetectors of conical
phases has been reported. One has a lattice paranzeter hape. This shape allows to reduce the s_ource-detector dis-
~7.28 A) close to that of uncharged EgFdhe other one t rlce to about 15 mm and Ieads_ to a solid angle_of almost
corresponds to Erkel, with x~1.5. The H site occupation 90°. As a consequence Fhe Sql'd angle attenuation of the
has been studied by neutron diffraction ®ErFe,D, .18 At angular correlation coefficiemt,, is much stronger than that
y &Ly

. of the coefficientA,, and the coefficientA,, can be ne-

x=2 the hydrogen atoms are exclusively located on th

R,Fe, interstitial sites of theC15 structure. At higher con- lected in the data analysis.
centrations some occupation of tR&e; interstitials is to be
expected, as shown, e.g., by magnetic aftereffect spectros-
copy of DyFeH, . The angular correlation theory of two successiveys of

The magnetic properties of Erfehange significantly a yy cascade, expressed by angular correlation coefficients
upon hydrogenation. Deryagiet al?° have reported a sub- Ay (k=2,4), may be modulated in time by hyperfine inter-
stantial decrease of the bulk Curie temperafiigewith in-  actions in the intermediate state of the cascade. For polycrys-
creasing lattice expansion, i.e., H concentration for alffalline samples this modulation can be described by the per-
RFe,H,. Neutron scattering studies of the effect of deute-turbation factorGy(t) which depends on the multipole
rium on the Er and Fe sublattice magnetizations have beeffder. the symmetry and time dependence of the interaction,
carried out by Fishet al?! for ErfFeDss as a function of and on the spin of the intermediate stét® details see, e.g.,
temperature and by Shashikatall’ for different concen- Frauenfelder and Steﬁéﬁ. o :
trations at 10 K. While the Fe moment was found to remain For static hyperflne Interactions in polycrystalline sa_mples
identical to that of ErFe the saturation magnetic moment of the pgrturbatlon factor can be written as a sum of oscillatory
Er is drastically reduced with increasing concentration terms:
Furthermore, the Er sublattice magnetization decreases
strongly with increasing temperature and the Er sublattice Gi(t) =Sio+ 2, SknCos wpt). (1)
becomes completely disordered well below the bulk Curie n
temperature. 1°%Er Mossbauer measuremenitshowever,
have established that the local magnetic moment of Er in The frequencies, are the transition frequencies between
ErFeH, is close to the free ion value. The pronounced re-the hyperfine levels into which a nuclear state is split by the
duction of the Er sublattice magnetization as seen by neutrohyperfine interaction. These frequencies and the amplitudes
scattering is therefore attributed to an increasing noncols,, have to be determined by diagonalization of the interac-
linearity of the Er moment$‘fanning” ) caused by the ran- tion Hamiltonian. The number of terms in Ed) depends on
dom distribution of the H atoms in th€15 structure. the spinl of the intermediate state. In favorable cases the

A. Sample preparation and equipment

B. Data analysis
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perturbation factor can be expressed in analytical form. For &utions from the ensemble-averaged hyperfine frequencies,
pure magnetic interaction with Larmor frequenay,,  however, appears not possible.

=27vn,=0gunBni/h One has When hydrogen diffusion sets in at higher temperatures,
the moving H atoms produce fluctuations of the QI. The
effect of the resulting nuclear spin relaxation on the angular
correlation depends on the fluctuation rateSlow fluctua-
tions (w<1%; »° = center of the static distribution of hyper-

If the ensemble of the probe nuclei is subject to a distri-fine frequenciesat low temperatures lead to an additional
bution rather than a unique hyperfine interaction, the nucleagttenuation of the angular correlation which becomes observ-
spins of the ensemble no longer precess all with the sam@ble when the residence timg between hydrogen jumps is
frequency and an attenuation of the oscillation amplitude®f the same order of magnitude as the PAC time window
results which is the stronger the broader the distribution. Thé~ 107y, 7y=lifetime of the nuclear stajeWith increasing
effect of a Lorentzian HFI distribution of relative widthon  fluctuation ratew the nuclear spin relaxation increases. The
the angular correlation can be approximated by resulting attenuation of the angular correlation first increases

towards a maximum aw ~»° and then—in the fast-
St fluctuation region withw> »°—decreases again, analogous
Gkk(t)szOJr; SknCo wpt)e i 3 to the motional narrowing of a NMR signal. Qualitatively,
the PAC signature of a dynamic process therefore is a
Frequently, several fractions of nuclei subject to differenttemperature-dependent, reversible attenuation of the angular

HFI's are found in the same sample. The effective perturbacorrelation which passes through a maximum as one moves
tion factor is then given by from the slow to the fast-fluctuation regime.

Quantitatively, the effect of the nuclear spin relaxation
. caused by jumping H atoms on the angular correlation is
Gkk(t)zz fiGla(t), (4) most appropriately described by Blume’s stochastic
' theory?>?* which, however, is very difficult to apply to the
where f; (with X;f;=1) is the relative intensity of theth ~ complex situation of a substoichiometric hydride where the
fraction. hydrogen motion leads to fluctuations of the orientation,

As shown below, the PAC spectrum &%Ta on regular ~ strength, and symmetry of the quadrupole interaction. The
sites of the uncharged parent compound EriBewell de-  analysis of experimental data in this case is therefore usually
scribed by a pure magnetic hyperfine interactj&. (2)]. based on an approximation of the Blume theory with a single
For probe nuclei in the hydrides Efffé,, however, the situ- relaxation parametex,:
ation is much more complex. Here we expect in addition to N
the magnetic interaction perturbations by the nuclear electric Grdt) =T (t)e " x. ®)

QI between the nuclear quadrupole momeénof the inter-
mediate state of the cascade and the EFG produced by the
charge.

This combined hyperfine interaction is described by fiv
parameters: the magnetic frequengy, the quadrupole fre-
quency vy=eQV,,/h, the asymmetry parametey=(V,
—V,,)/V,, whereV;; are the principal-axis components o
the EFG tensor with|Vy,<|V,,|<|V,], and the Euler
angles B,y which describe the relative orientation of the

magnetic hyperfine field and the EFG tensor. __this Fast fluctuations are adequately described by (By.if

In the present case—depending on temperature i ithi . . od
combined interaction will be either static or time dependent.Severa jumps occur within one spin precession periad (

At low temperatures the H atoms are “frozen,” each PAC?SVO). In the fast-fluctuation regime the functidny(t)

probe will see a different configuration of H atoms and thusd€Pends on the time average of the interaction. In nonmag-

experience a different EFG tensary(, 7) with different ori- netig: r?.ydrid'es[e.g., Hibh 6 (:?erf{ 5] ?n? frehquently finds ah
entation (3, y) relative to the magnetic hyperfine field. Con- vanis lng tlmre] average of t E]i Ql. nht IS case one nas
sequently the ensemble of probes is subject to a distributioh kk(t) = 1. In the present case of Erffé; the time average is

of static hyperfine interactions, even if all probes experiencé& PUre magnetic interactiofsee below andI'y(t) is given
the same magnetic field. Qualitatively, the PAC spectrunPy E- (2). The relaxation parametay corresponds to the

will have the form given by Eq(3): i.e., one expects attenu- A\Pragam-Pound spin relaxation consténvhich for the
ated or—depending on the width of the distribution and thet@se of a fluctuating QI of _strengtirg, residence timerg
relative strengths of the magnetic and the electric=1W, and nuclear spi is given by

interactions—completely wiped-out oscillations. Quantita-

2
+ = cognNwpt). 2
5 n=1,2

all .-

Got) =

y The validity of this approximation is discussed in Refs. 25

and 26. For slow fluctuationgv<1° the functionI(t) is

egiven by the perturbation factor of a static distribution of
HFI's [Eq. (3)]) and the relaxation parametgy, is propor-
tional to the jump ratev. In the case of over-barrier diffusion

f with an Arrhenius relation of the jump ratew
=wye Fa/kT (E_ = activation energy for slow fluctuations

the relaxation parameter therefore increases with increasing

temperature) . ce” Fa’kT,

2 _ —
tively, the analysis may at best provide the ensemble average ) — 3l)(,,f)z,,Rk(kJr 1) [41(1+1)—k(k+1)—1] .
of the hyperfine frequencies, . A separation of the param- S a [21(21-1)]?
etersvy,, vq, 7, B, y and the determination of their distri- (6)
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FIG. 2. The magnetic interaction frequenegy of 'Ta in ErFg
and the hydrides ErkBl, with x=0.6, 1.1, 1.5 as a function of
temperature. The hydride frequencies measured before reathing
=400 K and after heating td=550 K, respectively, are shown.

only about 50% of the probes are on the cubic Er sites of
ErFe, while the rest must be subject to a broad distribution
of strong HFI's. The PAC spectra df'Ta:RFe, reported by
Komissarova and co-workéfs*?show a similar reduced cu-
bic site fraction. Our data were therefore analyzed with a
two-site model, assuming a fraction of probes subject to a
well-defined magnetic hyperfine fieldegular site fraction
and a fraction characterized by a broad frequency distribu-
tion ( irregular site fraction The magnetic hyperfine fre-
quency of'8'Ta on the regular cubic Er sit¢selative inten-
FIG. 1. PAC spectra ofTa in ErFeH, at 290 K for different ~ SIY freg~0.5) at 290 K isy,=175.2(2) MHz, showing a
H concentrations. slight Lorentzian distribution with relative widtlé~0.02.
The temperature dependence of the cubic site frequepcy

In the fast-fluctuation regime the relaxation parameterjs_ shown in Fig. 2. The frequency distribution of the irregular
therefore decreases with increasing temperature according e has a.center frequency of the order 150 MHz anq a large
Npoce(EalkD), relatlv_e width Qf5~_ 0.7. M_ost probably, both magnetic and

electric hyperfine interactions contribute to this frequency
distribution; an unambiguous separation of the different con-
lIl. MEASUREMENTS AND RESULTS tributions, however, is not possible.

t (nsec)

A. ®Ta PAC in ErFe, in the temperature range
10 K=T=<600 K B. 8Ta PAC in ErFe,H, at 290 K as a function of the H

The hyperfine interaction off'Ta in the parent compound concentration 0.6<x=<3.2

ErFe was investigated in the temperature range 16K Figure 1 illustrates the changes of the PAC spectra of
< 600 K. As a typical example the PAC spectrum of 8'Ta:ErFgH, caused by hydrogenation to different H con-
18Ta:ErFg measured at 290 K is shown in the topmostcentrations at a given temperature. The PAC spectra mea-
section of Fig. 1. The spectrum shows the periodic oscillasured at 290 K and nominal H concentrations 0.6, 1.1,
tion of the anisotropy characteristic for a pure magnetic HFI1.5, 2.0, and 3.2 are shown. At small H concentratioonse
in polycrystalline sample$Eq. (2)]. The observation of a observes the same periodic oscillation characterizing the cu-
pure magnetic interaction implies that'Ta resides on the bic site fraction of the uncharged compound, but the ampli-
cubic Er site of ErFg For *¥!Ta on the noncubic Fe site one tude of this precession decreases continuously with increas-
should observe a well-defined combined magnetic and eleéng x and forx=2 the PAC spectra only show the strong
tric HFI. damping typical for a perturbation by a broad HFI distribu-
The amplitude of the magnetic precession amounts tedion. Again, two fractions or components are required for a
about 50% of the anisotropiafter solid angle correctiorof ~ description of the spectra, the regular site fraction showing
the 133-482 ke\yy cascade of®Ta. A second oscillatory the periodic precession and an irregular site characterized by
component accounting for the other 50% of the anisotropya broad frequency distribution. One expects two contribu-
however, is not observed. From this one may conclude thaions to the frequency distribution, one coming from the ir-
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FIG. 3. The “regular site” fraction in the PAC spectra of o0

181T3: ErFgH, at 290 K for different H concentrations This frac-
tion represents the amount efErFeH, with x<0.1 found in a 0.1 525K
ErFe hydride charged to nominal concentration

0.0

regular site fraction already found in the parent compound 0.1 550K
ErFe, the other one due to different static H environments of "
the cubicR sites. A separation of these two irregular site o0
components is not possible. In the analysis we have assumed 01|
that the irregular site fraction of the parent compound is not 515K
affected by the presence of H and in the following we only
consider the changes in the regular site fractibg~0.5) g:'l) h
in the parent compound by the H absorption. 540K
The main results of the analysis, based on this two-site
model, are the following(i) the room-temperature regular g-‘l" i
site fraction is a linear function of the hydrogen concentra- ) 0K
tion (see Fig. 3 f,¢g~0.5-0.25(4%; (ii) the regular site
frequencyv, at 290 K is independent of the H concentration 0.0 | '
and identical to that of the uncharged parent compound 0 10 20 30 40 50
ErFe. t (nsec)

FIG. 4. PAC spectra ot®'Ta in ferromagnetic Erf¢l, s at dif-
ferent temperatures. Magnetic order is losTat575 K. For com-
parison, the spectrum of uncharged Ere290 K is shown in the

The influence of temperature on the PAC spectrd®6fa:  topmost section.

ErFeH, was studied between 10 K and 600 K for the H

concentrations 0€6x=<3.2. Typical spectra are shown in ible. Upon further increase of temperature, however, a new
Fig. 4 for the case ok=1.5. For concentrations Gs6x<2  periodic modulation appears, also o 2.0 which shows no
three temperature ranges with pronounced differences of thescillations aff =290 K. This new modulation has the same
perturbation factor can be distinguished. amplitude as the cubic site fraction of uncharged ErFe

(i) Inthe range 10 KT=<350 K, the form of the spectra (compare Figs. 1 and)4but a considerably smaller fre-
and the regular site fraction remain practically unchangedguency. Initially, the oscillations are damped—the stronger
only the regular site frequency,, varies with temperature the higher the H concentration—but with increasing tem-
following exactly thev,(T) curve of uncharged Erkgsee  perature the attenuation decreases and the perturbation factor
Fig. 2. evolves towards the periodic pattern of static, pure magnetic

(i) In the range 350 K<T=<525 K the PAC spectra perturbation. Up to-525 K, these changes are fully revers-
show the characteristic features of a perturbation by a flucible.
tuating HFI: As temperature is raised beyond 350 K, the The attenuation maximum and the high-temperature re-
amplitude of the regular site oscillation starts to decrease ancovery towards the pattern of a static magnetic interaction
this decrease is the stronger the larger the H concentratioepnstitute clear evidence for a dynamic perturbation. The
For x=1.5 the oscillations are completely wiped outTat spectra forT>400 K were therefore analyzed with the ap-
~400 K (see Fig. 4 while for x<1.5 at the same tempera- proximation[Eq. (5)] of the Blume theory, using Eq2) for
ture some oscillations of reduced amplitude still remain vis-the functionI,(t). The analysis then yields the temperature

C. ®Ta PAC in ErFe,H, as a function of temperature at
concentrations 0.6sx=<3.2
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FIG. 5. The relaxation parametar, of 8'Ta in the hydrides
ErFeH,, x=1.5 and 2.0, as a function of the inverse temperature.

0.0018

dependence of the relaxation parametgrand of the mag-

netic frequencyv,, which describes the time-averaged effect
of rapidly diffusing H on the magnetic interaction. The
analysis was restricted to the fast-fluctuation regidn L
=400 K because—as discussed in detail in Ref. 26—in the

temperature limit the spectra show a broad static frequency
distribution. Additional complications for the analysis of the
low-temperature spectra come from the phase coexistence
and from the presence of the irregular site of the uncharged
parent compound.
In Fig. 5 the relaxation parametkp for x=1.5 and 2.0 is

displayed as a function of the inverse temperature. For the
concentratiok=0.6 and 1.1 the relaxation rates are smaller

slow-fluctuation region the approximation of the Blume N ErFe H ..
theory by a single relaxation parameféiq. (5)] tends to - heated to 600 K
overestimate the activation energy, in particular if in the low- N * EtH,

K v g-Fe

20 40 60 80 100 120
diffraction angle 26 (deg)

FIG. 7. X-ray diffraction spectra of Ergetopmost spectruin
and of ErFgH, g3 after different thermal treatmentsaken with Co

r—

150

100

50

200
g [«

dopon

FIG. 6. The magnetic interaction frequengy of *¥'Ta in ErFe

T(K)

K« radiation,x=1.7902 A).

and the ratio of the dynamic to the static interaction
unfavorablé® for a precise determination of their tempera-
ture dependence. Figure 6 compares the temperature depen-
dence of the magnetic frequeney, for the concentrations
0.6=x=2 to that of the uncharged compound ErFe the
temperature range 400 KT=525 K.

(i) T>550 K: Irreversible changes of the perturbation
factor occur when the samples are heated beyond 550 K. The
amplitude of the oscillations is strongly reducémbmpare
550 K and subsequent 540 K in Fig) dnd at all tempera-
tures the frequency,, is now identical to that of uncharged
ErFe (see Fig. & This indicates the decomposition of
ErFeH, at T>550 K and identifies Erkeas one of the
decomposition products. At=570 K the compound is in
the paramagnetic phase and the magnetic precession has dis-

and in the hydrides Eriei, with x=0.6, 1.1, 1.5, and 2.0 as a appeared. For the concentratios 3.2 the spectra showed a
function of temperature in the fast-fluctuation region which starts abroad frequency distribution up to the highest temperature

T~400 K and extends tal~550 K. Upon heating beyond

investigated. There is some evidence for a dynamic QI at

~550 K the hydride frequencies change irreversibly to those otigh temperatures; a magnetic precession, however, was not

uncharged Erke

observed.
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D. X-ray diffraction measurements of an impurity strongly affects the hyperfine interaction seen
by the PAC probe, the formation of different probe-impurity
gcomplexes will lead to a broad frequency distribution and
thus reduce the number of probes subject to a well defined
HFI. This impurity trapping has been shown to be respon-
sible for a strong reduction of the regular site fraction of
181Ta in Dy (Ref. 3 and Y (Ref. 29 metal.

The PAC study of ErkdH, has been accompanied by
x-ray diffraction measurements of inactive samples o
ErFeH, with concentrations &x=<3.6. Figure 7 shows the
diffraction pattern of the parent compound EyRéopmost
spectrum and of the hydride Erk#l, g5 after different heat
treatments(taken with CoKa radiation,\=1.7902 A). A
single-phas&15 diffraction pattern was found for the parent
compound ErFg (lattice parametea=7.27 A) and for hy- B. Phase coexistence in Erfd,
drides withx>1.6 (lattice parametera=7.62, 7.65, 7.72, . :
and 7.85 A forx=1.92, 2.0, 2.54, and 3.6, respectively For nominal H con'centrgt|onx<2 and room tempera-
This concentration dependence of the lattice parameter is ifre, both the x-ray diffraction and the PAC measurements
agreement with the result of de Saxeeall® indicate the coexistence of two phagsse Secs. IlIB and

. . . . . . —17
The x-ray pattern of Erk#lg g3 in the as-prepared state L” D), Ilnttggreement tW'th 7pg%vu’)&us ;.n\;ﬁlstllgatldﬁfh O?ﬁ t
shows the superposition of two phases with lattice param- as a lattice parametea¢ 7. ) slightly larger than tha

etersa=7.33 A and 7.65 A, respectively. To gain more in- of uncharged Erke (a=7.28 A) which according to An-

15
formation on the decomposition process indicated by the irgre¥evet a'lt.h cir(r)elspolr;ds to_:hezl ri?ase of the I?ereHé
reversible changes in the PAC spectralrat550 K, room- s_y§ grSn AVY[Ihe )(;t\he.r .hastgniqn tlhse xaralces gc&,}trgnz:zr?rbeoi denti
temperature x-ray spectra of EgFg g3 heated to 525 K and fied. as a hvdride th)ise Erfé, with xz1p6—1 1516
600 K were taken. After 525 K only the relative intensity of | h yPAC P he | o fracti
the two phases has changed, with #e7.65 A component n the spectra the ‘regular site” fraction—
being now dominant. After 600 K, however, the=7.65 A charactenzgd by a V\_/ell—defl_ned magnetic _interaction—
component has disappeared and new broad lines correspon?]e-creases linearly with increasing nominal H concentration

ing to ErH, (solid points in the bottommost section of Fig. 7 see Fig. 3 and fOFX.<2-°. and <400 K its magnetic hy-
are observed. Lines correspondingdeFe (expected posi- perfine frequency is identical to that of the parent compound

tions marked by the open points in Fig. Wwere not found. EtrtF'% isget ':t;? 2 hThiS prtf <I:Eomp(|)_|nent ;:an th_tehrefore be
Apparently, under the low-Hpressure conditions of our ex- attributed to thax phase of the Erke-H, system with a very

periment crystalline Erk&l, decomposes into Erkeand small H concentration.

. . . o In the high-concentration phase with-1.6—1.7 the PAC
5;;';';’;’Tg:;r\e:;s;?%ig}:glrjgﬁr?rg]siul}!gf uced amorphlzatlonprobes are subject to a static QI distribution. This phase
2 .

therefore contributes to the irregular site fraction. It is, how-
ever, difficult to separate from the irregular site contribution
IV. DISCUSSION of the parent compound.

For concentrationx=1.1 and 1.5 the fraction with the
static magnetic frequency of uncharged Erkagich we at-

Our measurement of the magnetic hyperfine interaction ofribute to thea phase of the ErkeH, system completely
181Ta in uncharged Erkeconfirms the previous results of disappears at temperaturés-400 K and the PAC spectra
Komissarovaet al!® and extends the temperature depen-are fully described by a single phase with a new magnetic
dence ofy,, down to 10 K. Rather than decreasing continu-perturbation pattern and the same relative intensity as the
ously with increasing temperature, the magnetic frequencyegular site fraction of uncharged ExFeee Sec. Il @ Ap-
passes through a maximum Bt-300 K. This behavior of parently, with increasing temperature the phase boundary of
vm(T) which is observed fort®Ta in all RFe, compounds the high-concentration hydride is shifted towards lower con-
except in LuFe with u.¢(Lu)=0 (Ref. 28 is a consequence centrations.
of the antiparallel coupling of Er and Fe and implies that the
contributions of the Er and the Fe sublattice to the hyperfine
field have different temperature dependences. The magnetic
frequency v,(10 K)=162.0(5) MHz corresponds to a  Animportant new result of this study is the observation of
magnetic hyperfine field d8,,;=16.16(5) T. TheRdepen- a dynamic quadrupole interaction in the presence of a strong
dence of the'®'Ta hyperfine field in thékFe, series is dis- static hyperfine field in the temperature range 408K
cussed in detail in Refs. 10 and 11. <525 K and concentrations Gs6k<2.0 (see Sec. Il ¢

Only about 50% of the'®'Ta probes inRFe, resides on  Evidence for this dynamic QI is the temperature-dependent
cubic R sites; the rest is subject to a broad frequency distri-attenuation of the new magnetic perturbation pattern appear-
bution (see Sec. Il A and Refs. 9-12Among the possible ing atT=400 K. A damping of the oscillation amplitudes of
reasons for this reduced cubic site fraction is the trapping o PAC pattern may be caused either by a static frequency
light impurities by '8'Hf, the mother isotope of the PAC distribution or a fluctuating hyperfine interacti¢gsee Sec.
nucleus. Metallic Hf is known to be an excellent getter whichll B). Static frequency distributions result from some
readily traps O and other light impurities such as C and Nperturbation—chemical or structural—of the periodicity of
and R metals even of high purity may contain considerablethe compound. Their width may decrease with increasing
concentrations of such nonmetallic elements. As the trappintemperature, but such an annealing effect is usually not re-

A. Magnetic hyperfine field of ®Ta in ErFe,

C. Dynamic quadrupole interactions in ErFe,H,
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versible upon cooling. The attenuation observed in thece®/<N to the data in Fig. 5, i€,=0.39(3) eV, in good

present case is fully temperature reversible T6£525 K agreement with the result of Atsuret al® for the diffusion
and it is not found in uncharged Erf-eTherefore it can be  of 4 on R,Fe, interstitials in DyFeH, . For the concentra-
clearly attributed to a fluctuating quadrupole interactionjon x=0.6 and 1.1 the PAC spectra also show evidence for
caused by the moving H atoms. It is easily shown that thgy dynamic QI, but due to the smaller H concentration, the
dynamic magnetic interaction due to the H nuclear magnetigg|axation rates are smaller and a precise determination of
moment is too weak to account for the observed relaxationne activation energy is not possible, in particular for
The exponential decrease of the relaxation parameterith  — 6 Forx=1.1 the data suggest a slightly larger value of
increasing temperatufgee Fig. $is the signature of the fast £ than forx=1.5 and 2.0.

fluctuation region; i.e., the average residence time between H"

jumps is short compared to the precession time of the mag- _ o 181

netic interaction and the PAC time window. The effect of D- Effect of hydrogen on the magnetic hyperfine field of™*Ta
slow fluctuations at lower temperatures is difficult to detect in ErFe;H,

in the presence of the regular site fraction with the static The hydrogen-induced changes of the static magnetic hy-
magnetic interaction frequency ef-ErFeH,, x=<0.1, and perfine field in the fast-fluctuation region are illustrated in
the irregular site contribution of the parent compound ErFe Fig. 6, where the magnetic frequencies, measured in

The observation of a pure magnetic interaction in theErFeH, for 425 K<T<525 K are compared to those of
high-temperature limit implies a vanishing time average ofuncharged Erke One should note the difference to the
the fluctuating QI. A rapidly diffusing H ion spends the sameroom-temperature Mgsbauer measurements of Shashikala
amount of time on all equivalent sites of the H lattice, so thatet al.:® While our study provides the magnetic hyperfine field
in the time average the same charge resides on each of thesi '8Ta on Er sites with—on the time average—all the
sites. The time average of the QI is therefore related to th&r,Fe, interstitials occupied by H with equal probability,
sites occupied by the rapidly diffusing H. The vanishing timeShashikalaet al® have determined the effect of a single
average in the present case confirms that up to the concestatic H neighbor on the’’Fe hyperfine interaction. Such
tration x=2 the hydrogen atoms are exclusively located oninformation cannot be extracted from the low-temperature
the RyFe, interstitial sites of theC15 structure, since the PAC spectra. Contrary to the Msbauer spectra, the PAC
lattice consisting of identical charges on tReFe, intersti-  spectra show one broad static frequency distribution and do
tials has cubic symmetry and produces a zero EFG aRthe not allow one to separate magnetic and electric HFI contri-
site. butions and thereby identify different H configurations. This

The effective charg&’e associated with the moving H is mainly a consequence of the much larg®Ta quadrupole
atom can be estimated from the dynamic quadrupole fremoment which makes®Ta more sensitive to quadrupole
quencyvg responsible for the nuclear relaxation. Accordinginteractions tharr’Fe.
to Refs. 25 and 26, the maximum of the relaxation parameter At high temperatures the stror§'Ta QI averages out and
\5'®* obtained with the approximation of a single relaxationthe changes of the magnetic hyperfine field become observ-
constan{Eq. (5)] and the frequencyf of the fluctuating QI  able. Both the magnit_ude_ and the relative temperature c_iepen-
are approximately related byglaXNEV; from which one dence of the magnetic field are affected. The magnetic fre-
may estimate the strength of the dynamic QI without knowl-uency at a given temperature decreases with increasing
edge of the residence time between H jumps.)Eet.5 and concentration: at 450 K, e.g., the magnetic hyperfine field
2.0 we haveA]®*~100 MHz (see Fig. 5 and hencev; decreases from 14.5 T foxrf 0.6to _9.5 T forx=2. Between
~200 MHz, so the dynamic QI and the static magnetic in-x=0 andx=0.6 the field is practically constant. T_he tem—
teraction are of comparable strength. In a point-charge modéi€rature dependence of, at small H concentrations is
the quadrupole frequency produced by a chaZde at a vyeaker than in uncha.rged. Eg-and at high H .concentra— .
distancer from a nucleus with quadrupole momefy is tions even changes sign, i.e., the frequency increases with
given by mcre_as_lngT. _ _

It is interesting to relate the drastic decrease of the hyper-
fine field B¢ at 450 K by about 50% from=0.6 tox=2 to
the information on the magnetic propertiesRfe,H, avail-
able from previous studies.

The magnetic hyperfine field of probes with zero orbital
InsertingQ=2.36(5) b (Ref. 30 for the quadrupole moment angular momentum is due to the Fermi contact term in the
of the 3 state of '*Ta, (1-1y..)=62 for the Sternheimer magnetic nucleus-electron interaction and reflects the spin
correctiori of Te>* andr=1.67 A for the distance between polarization of thes conduction electrons at the nuclear site.
the Er site and the nearest H on anfs, interstitial® one A finite s-spin polarization at the probe may arise from the
obtains vy~2.1%2"'e (GHz). The comparison with the ex- polarization of the host conduction electrons and from the
perimental value;;~200 MHz leads to an effective charge polarization of the electron core of the probe by a localized
of Z'e~0.09%, similar to the H charge estimated for other magnetic spin moment.
metal-hydrogen systenié33 As discussed in detail by Komissaroeaall® and So-

The activation energy for H jumps in Erft¢, for x  rokin et al.’? in the case of'®Ta in RFe, both the core
=1.5 and 2.0, obtained by a fit of the Arrhenius relatign  polarization (CP) and the conduction electron polarization

1
3

1 A2 1
vg=22' Q1= 7.y -

IlO
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(CEP are expected to contribute to the magnetic hyperfine For a given temperature one might then at first sight ex-
field. In RFe, compounds the Stoner criterion for itinerant pect the Er contribution to the magnetic hyperfine field to
3d magnetism is fulfilled and Fe carries a 8nagnetic mo- decrease with increasing H concentration and the Fe contri-
ment of the order of (1.7-1.8)g, also for the nonmagnetic bution to remain more or less constant. But in view of the
R constituentR=Y, Lu.>* The hybridization between the Fe relative magnitude and the opposite sign of the two contri-
3d and theR 5d electrons produces adSmoment at theR  butions, these assumptions can obviously not account for the
site antiparallel to the @ moment and the local &4f(R) observed 50% decreaseRf; betweerx=0.6 andx=2.0 at,
exchange then leads to the ferrimagnetic coupling of thee.g., 450 K. WithSzy~ const andB4;<Bsq, the experimen-
R 4f and the Fe @ moments® It can therefore be assumed tal trend ofB,;(x) therefore strongly suggests a decrease of
that the B element'®Ta onR sites of RFe, also carries a the s-conduction-electron polarization—expressed mainly by
localized & moment producing a CP contribution which de- the factor ysg—with increasing H concentration, to which
pends on the Fedmoment and the &4f(R) exchange. both the lattice expansion upon hydrogen absorption and the
A CEP contribution to the hyperfine field is expected bothelectronic state of hydrogen may contribute. In the anionic
from the 3 and the 4 sublattice. In a 8@ transition metal model of the rare-earth hydrides a hydride anion is formed
with a wide s band mixed with a narrow spin-polarizedi3 by the removal ofs electrons from the conduction band to
band thes-d hybridization produces a finitse-electron spin  more localized states. In tiiehydridesRH; this decrease of
density. The resulting CEP component of the hyperfine fieldhe s-conduction-electron density reduces the magnetic order
is found to be approximately proportional to the inducirdy 3 temperature because thé-4f coupling is mediated by the
moment®®3’ In magnetically orderedR metals orR com-  conduction electrons. In the present caseRE&,H,, how-
pounds the interaction of treconduction electrons with the ever, the magnetic order is mainly determined loy3&1 ex-
hybridized 4-5d electrons also contributes to the CEP. change. A decrease of tiseconduction density would there-
The corresponding hyperfine field component is in a firsfore have little effect on the order temperature, but strongly
approximation proportional to the projectiog1)J of the  reduce the magnetic hyperfine field, in agreement with the

R spin on the total angular momentui?®4° experimental observations.
We may therefore write the hyperfine fieR},; as a sum The changes in the temperature dependence of the hyper-
of two components, one coming from thd,3he other from  fine field B,; with the H concentratiorB,¢(T;x) must be
the 4f sublattice: related to the concentration dependenc@®gf and B,; and
to the differences in their temperature dependences. Because
By =Bay+ Bu. (7) of the opposite sign of the two contributions, the temperature

decrease of the net magnetization will be slower than that of

. 181 uncharged ErFgif in the temperature range of interest the
K);:?j ﬁﬁnl%?:r's?gooss '1|f_ olLef -;agﬁwirliﬁ E)lezsuleagf?k?e magnetization of the Er sublattice decreases faster than that
9 - ’ of the Fe sublattice and depending on the relative magnitude

complete 4 shell of Lu carries no ## magnetic moment— ; :
o of the two components even an increase of the net magneti-
shows that the two terms have opposite sign and that the 4 P 9

tribution in ErF s 1 - 15% of the 3| zation with temperature is conceivable. Different tempera-
tcr?t?u;:oﬁ lon In Er-g amounts 1o only~15% of the sf con- ¢ dependences of the Er and the Fe sublattice magnetiza-

. . . tion have been evidenced by the neutron diffraction study of
For the Q|scu55|_on of the hydrogen induced changes of thErFQD%.Zl The magnetization of the Er sublattice de-
magnetic interaction, we 'assume—based on the ab(.)vgreases much faster with increasing temperature than that of
arggments_—these contributions to be proportlonal tq the "Nthe Fe sublattice and the Er sublattice becomes completely
duqng spins of the G_and 4 sublattices, respectively, disordered well below the bulk Curie temperature. In addi-
which leads to the relation tion to the sublattice magnetizations, both the concentration
and the temperature dependence of the conduction electron
Bht= X3dS3d+ XarSat - (8)  polarization—expressed by and y4—can be expected to
contribute to the trend oBy¢(T;x). A quantitative interpre-
Neutron diffraction studies of ErkE, have shown that tation, however, is beyond the scope of this paper.
the Er sublattice magnetization in Eg-bydrides depends
sensitively on temperature and H concentration. The satura-
tion magnetization of the Er sublattice decreases drastically
with increasing H concentration which is attributed to an  The hyperfine interaction of®Ta on Er sites inC15
increasing noncollinearity of the Er moment$anning”) Laves hydrides Erk#l, has been investigated by PAC spec-
caused by the random distribution of the H atoms in@i&  troscopy as a function of H concentration and temperature.
structure. The Fe moment, however, was found to remain At low temperatures the PAC spectra of the high-
identical to that of ErFgwhich implies that contrary to the concentration hydride fraction reflect a broad distribution of
3d-4f coupling the 3-3d exchange is little affected by the strong static magnetic and electric hyperfine interactions.
H absorption. This is confirmed by our observation of mag-The dynamic QI caused by rapidly diffusing H atoms be-
netic order up to the decomposition temperatlire550 K comes observable dt>400 K. The resulting*®'Ta nuclear
which shows that for H concentratioms=2 the Curie tem- quadrupole relaxation rates show an Arrhenius behavior with
perature decreases at most by 10%. an activation energy dE,=0.39(3) eV forx=1.5 and 2.0

V. SUMMARY
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and permit an estimate of the effective charge associatedas found to decrease, &a=1.5 and 2.0 to increase with
with the diffusing H atom ofZ’e~0.09%. In the fast- increasingT.

fluctuation region the magnetic and electric hyperfine inter-

action can be separated and tH&Ta magnetic hyperfine

field Bys was determined as a function of temperature and H ACKNOWLEDGMENTS
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