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The nuclear quadrupole interaction (NQI) at the site o f 18,Ta in HfD2 has been investigated by 
time differential perturbed angular correlation measurements. Below 290 K the NQI is static 
within a 300 nanosecond time window. Above 290 K dynamic effects related to the diffusion of  
deuterium atoms start to appear, which have been analyzed in terms o f a 3-state stochastic 
model. Between 345 K and 500 K the jump diffusion o f deuterium has an activation energy 
E.d =  (0 .3 3 i§ |)  eV. At higher temperatures the relaxation spectra suggest that transitions occur, 
first to the <5-phase, then to the a-phase o f the hafnium-deuterium system. At 600 K the mean 
residence time between jumps is o f the order o f 2 nanoseconds. First measurements with HfH2 
show an isotope effect compatible with the prediction o f the classical rate theory for over-barrier 
diffusion.

Introduction

Atomic m otion in solids gives rise to fluctuating 
electric field gradients (E F G ), and as a consequence 
probe nuclei with finite electric quadrupo le m o­
ments experience a tim e dependent nuclear quad ru ­
pole interaction (NQI). O ne of the experim ental 
m ethods for the investigation o f dynam ical NQ I is 
the tim e differential pertu rbed  angular correlation 
(TDPAC) technique, which detects the spin relaxa­
tion caused by a tim e dependent interaction in an 
ensemble o f aligned nuclear spins [ 1].

We are presently em ploying the TD PA C tech­
nique to study the m otion o f hydrogen atom s in the 
various phases o f the hafnium -hydrogen (Hf-H) 
system, using 181Ta, which is populated  in the decay 
o f radioactive 181Hf, as nuclear probe. H fH 2, H fD 2 
and H fH 172 have been studied , bu t the data treat­
ment has been completed only for hafnium  deuteride 
H fD 2. The results ob ta ined  for H fD 2 are presented 
in this paper.
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At room tem perature the Hf-H systems exhibits 
3 stable phases [2]: Hydrogen dissolved in hep H f 
metal forms the a-phase w ith a m axim um  H con­
centration of less than 1 at% at room  tem perature. 
The <5-phase is a fee structure w ith H concentrations 
between 63 and 64.3 at% (HfH] 70 and HfHi.go)^ and 
the e-phase extends from  HfHj 87 to HfH] 99. In the 
following we shall refer to the e-phase as to hafnium  
dihydride H fH 2, regardless o f the actual H concen­
tration. H afnium  d ihydride form s a d istorted C aF 2 
structure, in which the hydrogen atom s occupy 
tetrahedral sites o f the hafnium  face centered te tra ­
gonal lattice which is contracted along the c-axis [3]. 
Substitution of deu terium  for hydrogen in H fH 2 
results in slightly shortened bonds and a stronger 
contraction [4].

Experimental Details

The TDPAC m easurem ents were carried out with 
4-detector arrangem ents such as described in [5]. 
H fD 2, com m ercially available from  Ventron C or­
poration, was neutron irrad ia ted  to produce ,81H f 
nuclei which by /?-decay feed the 133-483  keV cas­
cade of l8lTa. The tim e spectra o f the angular cor­
relation coefficients A 22 and A44 were m easured at 
different source tem peratures between 19 K and
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1000 K in a vacuum  of 10~5 Torr. The X-ray d iffrac­
tion analysis o f the com pound at room tem perature 
confirm ed a pure e-phase H fD x with .x >  1.87. The 
exact deu terium  concentration w ithin the e-phase 
was not determ ined.

W hen H fD 2 is heated in vacuum , deuterium  
losses and phase transform ations will occur at cer­
tain  tem peratures. We have tried to study the stabil­
ity range o f the e-phase by taking a room tem pera­
ture (RT) TD PA C spectrum  after each increase of 
the sam ple tem perature. F irst irreversible changes 
in the RT spectrum  were observed after heating the 
com pound above 750 K: S tatic N Q I frequencies 
corresponding to the N Q I in H f m etal started to 
appear in the RT spectrum , w hile the spectrum  at 
750 K still showed relaxation effects. In the X-ray 
analysis o f a sam ple heated  to 770 K for 24 hours 
only the reflexes o f H f m etal were found. A pparent­
ly, at about 750 K H fD 2 transform s to the a-phase 
w ith some deuterium  dissolved in hep H f metal, 
producing relaxation effects at elevated tem pera­
tures. After heating the com pound above 900 K the 
deuterium  is com pletely expelled and now the 
TD PA C spectrum  both at 900 K and RT contains 
only the static NQI frequency (vQ =  330 M Hz at 
290 K) corresponding to m etallic Hf.

As only the transition to the low concentration 
a-phase has been detected, the R T TD PA C spectra 
in the e- and in the in term ediate <5-phase are prob­
ably very sim ilar. This w ould imply tha t the static 
N Q I seen by the probe nuclei at RT is rather in­
sensitive to changes o f the deu terium  concentration. 
F or m ore inform ation on this aspect we are pre­
paring sim ultaneous TD PA C and X-ray diffraction 
m easurem ents with sam ples previously heated to 
different tem peratures.

Results

Figure 1 shows the TD PA C  spectra ^ 22( /22(0  in 
the reversible tem perature range between 19 K and 
700 K. There are pronounced changes as tem pera­
ture is increased.

Between 19 K and 290 K one observes a TDPAC 
spectrum  characteristic for a large d istribution  of 
tim e independent N Q I’s. Typical for such spectra is 
the ‘hard core’ value G22(oo) =  0 .2  at large delay 
tim es [1]. A fit o f the theoretical perturbation  factor 
G22 (/) for a static N Q I w ith a G aussian distribution

o f relative width <5 [1] gives identical results for 19 K 
and 290 K: The center frequency o f the d istribution  
is vq =  e Q  Vzz/h  =  260(10) MHz, the relative w idth 
<5=0.28(2) and the asym m etry param eter o f the 
EFG is 7 =  ( Vxx — Vyy) / V zz =  0.49(2). W ith Q =  
2.51 b for the quadrupo le m om ent o f the 5/2  state 
o f m Ta, the NQI frequency corresponds to an EFG  
of Vzz =  4.3 • 1017 V /cm 2. The observation of a 
broad frequency distribu tion  and an axial asym m e­
try in an axially sym m etric lattice such as stoi­
chiom etric H fD 2 is usually attribu ted  to lattice im ­
perfections, strains and im purities [6 ]. In the present 
case vacancies probably  play a dom inant role. The 
deuterium  concentration o f the e-phase is usually 
smaller than for perfect stoichiom etry and one has 
vacancies in the D sublattice. As the Hf-D distance 
(2.05 A) is much sm aller than the H f-H f distances 
(3.28, 3.47 A) the E FG  at the probe site is m ainly 
determ ined by the D environm ent. Therefore a 
vacancy in the tetragonal deu terium  lattice lowers 
the symmetry o f the interaction and different 
vacancy configurations in near neighbor shells give 
rise to large EFG distributions.

Above 300 K the TD PA C spectra begin to change 
with increasing tem perature. The anisotropy at 
delay times larger than  15 nsec decreases below the 
‘hard core’ value G22(oo) for static NQI, indicating 
the onset o f atom ic m otion on a tim e scale com par­
able to the life tim e o f the 5/2 state o f 181Ta 
(15 nsec): D euterium  atom s move most probably 
along tetrahedral sites, producing a fluctuating NQI. 
At about 500 K the destruction o f the anisotropy at 
large tim es is com plete: the anisotropy drops to zero 
within a few nanoseconds w ithout any recovery at 
larger times. Between 500 K and 534 K the spectra 
rem ain unchanged. At about 550 K the initial de­
crease starts to be slower, and as tem perature is 
raised one observes an increasing recovery o f the 
anisotropy at larger times. Above 600 K the 
TDPAC spectra are well described by single ex­
ponential functions G kk(t) =  exp (—/* /) , w ith the 
decay constants Ak decreasing with increasing tem ­
peratures [7].

The various approaches to treat the effect o f 
dynam ic interactions on angular correlations have 
been recently reviewed by D attagupta [8]. Here we 
are dealing with a diffusion process where vacancies 
jum p between the sites o f the D sublattice, pro­
ducing an axially asym m etric fluctuating EFG . 
Blume’s stochastic m odel [9] and also the model o f
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Fig. 1. TD PAC spectra o f 181 Ta in H fD 2.
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random  reorientation [10] could be used for a 
description o f this situation. By com paring the 
stochastic model and the reorientation model in the 
diffusion and the strong collision limits, W inkler
[10] has shown that the TDPAC spectrum  is rather 
insensitive to the reorientation m echanism  or the 
num ber of stochastic states. It is the jum p  frequency 
and hyperfine interaction (hfi) o f the ensemble 
average which m ainly determ ine the shape o f the 
spectrum . It can be shown, that the restoration of 
the anisotropy tow ards the unperturbed value in the 
presence o f strong, rapidly fluctuating h fi’s is only 
possible, if the hfi o f the ensemble average vanishes
[8], We observe such a recovery at high tem pera­
tures. We therefore analyzed our data with the 
sim plest stochastic model com patible with axial 
asym m etry o f the EFG  and an isotropic ensemble 
average by assuming that the largest com ponent o f 
an axially asym m etric EFG  jum ps at random  be­
tween the 3 axes of the coordinate system [11]. The 
solid lines in Fig. 1 are fits o f this model to the data. 
Details o f the analysis will be discussed in a forth­
com ing paper.

The analysis revealed a strong correlation be­
tween the quadrupole frequency and the total num ­
ber o f jum ps per second W  such that the product 
coq t  is a constant for a given spectrum  (ojq =  
I n  v0/ 4 / ( 2 / — 1)), where z — M W  is the average 
residence tim e between jum ps, if the jum ping  time 
itself is neglected. The correlation between coQ and z 
is the stronger, the m ore the shape o f the spectrum 
approaches a single exponential function, in agree­
ment with the A bragam  and Pound lim it [7] for 
rapid isotropic fluctuations. For tem peratures below 
480 K coq and r can still be determ ined independent 
o f each other. Up to 480 K one has coq ~  50 MHz.

In Fig. 2 we have plotted the quantity  w q t  as a 
function o f the inverse tem perature \IT.  c o q z  de­
creases by nearly 3 orders o f m agnitude between 
345 K and 725 K. Assuming coq ~  50 MHz for all 
tem peratures, this corresponds to a decrease o f the 
m ean residence tim e from z =  160nsec at 345 K to 
z =  0.25 nsec at 725 K. F rom  the proton spin lattice 
relaxation tim e T\ in the corresponding H f dihydride 
HfH 1.96 [12] one estim ates a proton residence tim e 
o f the order o f 2.5 nsec at 670 K. Because o f the 
model dependence o f this estim ate [13], the accuracy 
is not sufficient to reveal the isotope effect, but the 
order o f m agnitude agreem ent with our result is 
very good.

Three tem perature ranges may be distinguished 
in Figure 2:

(i) Between 345 and 480 K the quantity  In (co§ z) 
is in a good approxim ation a linear function of the 
inverse tem perature \ / T , suggesting an Arrhenius 
relation coq z  ~  e \ p { E a/ k T )  with an activation 
energy of £ a =  (0.33^0.4) eV. The activation energies 
for proton jum ps in the isom orphous dihydrides 
HfH i.96 [12] and Z rH ^g  [12, 14] have been investi­
gated by pulsed NM R: Ea =  0.55 -  0.65 eV for 
HfH, 96 and 0.83 eV for Z rH ! 98. ZrH] 97 has also 
been studied by TDPAC with 18lTa as probe be­
tween 20 and 588 K [15]. In contrast to our observa­
tion o f a dynam ic NQI in H fD 2, the spectra in 
ZrH i 97 are well described by a static interaction. The 
proton residence tim e in Z rH 198 has been deter­
m ined by D oolan et al. [14] to be o f the order of 
2.5 nsec at 850 K. From  this value and the activation 
energy £ a =  0.83 eV one estim ates that at 588 K the 
tim e between proton jum ps should be o f the order 
o f 300 nsec, which is too long to be detected with 
the l8lTa tim e window. F or TDPAC studies of 
dynam ic NQI in Z rH 2 the m easurem ents should be 
extended to higher tem peratures.

1/T [10 3 K 1]

Fig. 2. The product w ^ r ln  H fD 2 vs. 1 IT. a>Q is the 
quadrupole frequency coQ = 2n vQ/41 (21 -  1).
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Fig. 3. The Abragam and Pound attenuation parameter X2 
in H fD 2 and HfH2 vs. MT.

(ii) Between 500 and 550 K in c o q z  does not 
change with tem perature. The reasons for this 
behaviour are not clear. Possibly a structure change 
occurs in this tem peratu re  range. This is suggested 
by the observation tha t at higher tem peratures the 
anisotropy is restaured tow ards the unperturbed 
value. This requires fluctuations w ith a vanishing 
ensemble average. Because o f the tetragonal struc­
ture o f the £-phase, however, no ju m p  m echanism 
with vanishing average can be conceived for H fD 2. 
Therefore at som e in term ediate  tem perature a tran ­
sition m ust occur to a cubic lattice, where the 
ensemble average can be zero. The (5-phase 
FIfDi 7-H fD i.g  w ith its fee lattice is an obvious 
candidate. To test this hypothesis X-ray studies in 
this tem perature range would be helpful.

(iii) Above 550 K, In (coq r) continues to decrease 
with 1/r, first w ith the sam e slope as above 480 K, 
but as one approaches 750 K, the decrease becomes

much stronger than linear. The X-ray studies have 
shown that at 750 K the transition  to the a-phase is 
complete. Therefore the strong decrease o f c o q  t  and 
thus the residence tim e between 600 K and 725 K 
probably reflects the increasing num ber o f vacan­
cies which becom e available for jum ps as deuterium  
is expelled and the sam ple transform s m ore and 
more from the Ö- to the a-phase.

At tem peratures above 675 K the values o f coqt 
from the 3-state stochastic m odel agree w ith the 
value obtained from  a fit o f the A bragam  and 
Pound (AP) perturbation  function G^kit )  =  e~xk'  
for rapid isotropic fluctuations with:

kk =  3/5 k (k  +  1) (4 I  +  1) — k (k  +  1) — 1) coq t  .

The ratio aJ a2 ~  1.7 is in agreem ent w ith the AP 
theorie for dynam ic N Q I [7],

In Fig. 3 H fD 2 is com pared with first results for 
HfH 2 in the high tem peratu re  region. The AP 
attenuation param eter a2 is plotted vs. MT.  The 
slope of ln /„2 vs. M T  is approxim ately  the sam e in 
both com pounds. The m agnitude o f the attenuation  
param eter shows a defin ite isotope effect. The ratio  
a 2V/ 2 =  1.26(15) at 675 K is com patib le with the 
prediction r D/ r H =  (M D/M H) 1/2 o f  the classical rate 
theory for over barrier diffusion.
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