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Hafnium implanted in iron: I. Lattice location and annealing 
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Abstract. Perturbed angular "elation, Rutherford backscattering and channelling 
mperiments were conducted to study the laltice loalion and annealing behaviour of 
110 keV hafnium ions implanted into imn single aystals. It was found that a fraction 
of 1145% of Ihe implanted hafnium aloms are located at Sutstitutional sites in an 
undisturbed environment, while a b u t  50% are located at irregular latlice siles. m e  
remaining haclion are located at or near regular latlice sile in a perturbed local 
environment. lhpping and detrapping of monovacandes by substitutional hafnium 
aloms at 200 and 250 y respectively, as well as hafnium precipilalion during annealing 
at 873 K was ohewed. The vacancyhahium binding energy was determined to be 
EL,,,, = 0.17(3) eV 

I. Introduction 

Up until now, all studies on hafnium implanted in iron were focused on the 
determination of the magnitude of the magnetic hyperfine field of Hf or Th in iron 
(Soares et a1 1975, Herzog ef af 1986, Cruz and Pleiter 1988). These hyperfine- 
interaction studies additionally showed that, despite the low solubility (Massalski 
1986), at least 16% of the room-temperature implanted hafnium atoms are located at 
unique lattice sites with cubic symmetry, while the rest are distributed over irregular 
lattice sites. In order to study the interaction of nitrogen with hafnium in iron (see the 
subsequent paper, hereafter called XI), we required more information on the system 
HfFe, especially on its behaviour as a function of annealing temperature. In this paper 
we present, therefore, perturbed angular correlation (PAC), Rutherford backscattering 
(RBS) and ion-channelling experiments performed on iron single crystals implanted 
with 110 keV hafnium. 

2. Perturbed angular correlation experiments 

2.1. Experimental details 

Disc-shaped single crystals with a diameter of 12 mm and a thickness of 1 mm were 
cut by means of spark erosion from an iron slab produced by the strain-annealing 
method. The slab contained several single-crystalline areas of a few c d .  The angle 
between the surface normal and the nearest (211) crystallographic direction was about 
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5 O ,  as determined by means of the x-ray back-reflection Greninger-Laue method. The 
purity of the iron was 99.98% (metallic impurities only). The crystal surfaces were 
prepared by mechanical and electrochemical polishing techniques. 

The crystals were implanted with 110 keV radioactive lslHf ions to doses between 
2 x 10l2 and 2 x  lOI4 at. cm-,. The ctystal surface normal was usually tilted by 7O with 
respect to the incident beam direction. The implantations were carried out while the 
crystals were held at room temperature, apart from one crystal which was implanted 
at 77 K The vacuum in the implantation chamber of the Groningen isotope separator 
was always better than 5 x 
WO crystals were annealed for about 20 min at step-wise increasing temperatures 

in the ranges 77-295 K and 293-973 K, respectively. The annealing treatments below 
room temperature were done by immersing the crystal in a mixture of diethyl ether 
and liquid nitrogen. The annealing treatments above room temperature were done 
in a vacuum of better than 1 x 

After the la lHf  implantations and after each annealing treatment, the perturbed 
angular correlation of the 133-482 keV 7-ray cascade of the daughter nucleus Is'% 
was measured (Fransens et al 1991, Frauenfelder and Steffen 1968, Wichert and 
Recknagel 1986). We used a set-up with four detectors positioned at a distance of 
40 mm from the source of radiation, at fixed relative angles of BOo and %lo. The 
detectors consisted each of a 44 mmm x 30 mm BaF, crystal attached to a Philips 
XP2020Q photomultiplier, resulting in a time resolution of about 0.7 ns M M .  We 
recorded four time spectra simultaneously, which were combined to form the four- 
spectrum conventional ratio R( t )  discussed by Arends el a1 (1983). The measuring 
temperatures were the same as the implantation temperatures. The crystals were 
magnetized in an external field of 0.17 T oriented in the plane of the detectors, at an 
angle of 45' with respect to the detector axes (Raghavan and Raghavan 1971). The 
magnetization direction was usually along a (110) crystallographic direction, parallel 
to the crystal surface. One measurement was performed with the field perpendicular 
to the detector plane in order to verify that the samples were completely magnetized. 

22. Results 
The ratio R ( t )  and its Rurier  transform F ( w )  measured on an as-implanted crystal 
at room temperature are shown in figure 1. One observes a single well defined 
component with a magnetic interaction frequency wB = 3.80(3) Grad s-l. We assign 
this frequency to substitutional Is'Hf atoms in a damage-free close environment (see 
section 5.1). Using the nuclear g factor gN = 1.30( 1 )  (Ellis 1973) of the 4820 keV 
state in '"B, we calculate a value ~B,(RT)~ = G1.0(5) T for the magnetic hyperfine 
field at substitutional tantalum in iron at room temperature. This value agrees within 
limits of error with the reported values IB,(w)I = G9.8(7) T (Cruz and Pleiter 
1985) and 59.6(1.8) T (Soarcs et a1 1975). The hyperfine field measured at 77 K 
has a value of IB,(77 K)I = G2.6(5) T, which is in agreement with the reported 
zero-temperature value IB,(O K)I = 61.9(7) T (Cruz and Pleiter 1988). 

We have determined the substitutional fraction fs of I8'Hf implanted in Fe 
single crystals, by fitting the measured PAC spectra and taking into account the 
attenuation due to the finite time resolution and the finite solid angles subtended 
by the detectors. It turned out that fs strongly decreases with implanted dose, 
the lowest value (11.0(4)%) being measured on a sample implanted with a dose of 
about 2 x lOI4 at. cm-', the highest value (25.7(3)%) being measured on a sample 
implanted with a dose of about 2 x lOI3 at. cm-'. The value fs = 17(3)%, observed 
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Figure L ?he mtio R(t) and its Fourier transform F ( w )  measured on an Fe single 
"ystal implanted with 110 keV 181Hf. 

after implantation of 80 keV l*lHf in an Fe foil to a dose of 2 x 1014 at. (Soares 
et a1 1975), is in line with our results. The reported value f, 45% for an Fe(100) 
single crystal implanted with 110 keV Ix1Hf to a dose of 2 x 1Ol2 at. (Cruz and 
Pleiter 1988) is very likely wong. 

A large fraction of the implanted probe nuclei is visible in the Fourier spectrum as 
a broad, ill defined distribution of interaction frequencies below us. These atoms are 
located at non-unique lattice sites with low symmetry. They are probably subjected to 
combined electric and magnetic interactions of comparable strengths. The resulting 
interference of the multiple interaction frequencies causes the anisotropy to damp 
out within 10 ns (Pleiter et a1 1977). 

25 

M 
0 .$ 10 

5 

0 
200 400 600 800 1000 0 50 100 150 200 

annealing temperature (K) depth (4 
Figure 2 Substitutional fraction of @lHI implanled 
in Fe single aystals as a funclion of annealing 
lemperalure, as delermined bj means of PAC: (A)  

295 K 

Figure 3. Depth profile of 110 keV HI implanted 
in an Fe single uyslal, measured ly means of RBS. 

Tmp, = T,, = 77 K;(.) Tmp, = r,, = 

In figure 2, the substitutional fraction is plotted as a function of annealing 
temperature for crystals implanted at 77 K and at 295 K. The step in fs at about 
295 K is most likely due to the difference in implanted dose. The decrease of fs at 
200 K indicates a loss of substitutional sites due to trapping of lattice defects which 
become mobile at this temperature. The increase of fs at 250 K indicates detrapping 
of these lattice defects. Annealing at temperatures above room temperature results in 
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a monotonic increase of fs up to a maximum at about 573 K This reflects recovery 
of lattice damage which was introduced into the crystal during the Hf implantation. 
During annealing at 873 K the substitutional fraction fs drops to zero. The PAC 
spectrum measured after this annealing treatment shows a very broad distribution of 
interaction frequencies extending from 0 to about 4 Grad s-I. 

J M G Jde  Bakker et a1 

3. Rutherford backscattering experiments 

An Fe(211) single crystal was implanted at 293 K with 110 keV lSUHf to a dose 
of 1 x loi4 at. an-*. RBS measurements were carried out with a 20 MeV 4He+ 
beam from the Groningen Van de Graaff accelerator. The ions entered the sample 
in a pseudo-random crystallographic direction, approximately perpendicular to the 
surface The backscattered helium ions were detected with silicon surface barrier 
detectors placed at exit angles of 10'. 40" and 70° with respect to the crystal surface. 

The depth distribution measured on the as-implanted crystal is shown in figure 3. 
The profile resembles a Gaussian with an exponential tail extending up to at least ux) nm 
depth. The Gaussian is centred around a depth of 16 nm and has a width of about 
10 nm MM. This is in reasonable agreement with the average range and straggling 
of R = 18 nm and A R  = 6 nm, respectively, obtained from a l R I M  (Ziegler et a1 
1985) calculation for amorphous iron. The tail, however, is not reproduced in the TRIM 
calculation. This may be due to the fact that channelling cffects have occurred during 
the implantation, in spite of the 7O tilt. A trajectory length of 203 nm for channelled 
Hf+ ions is not unrealistically long, since e.g. particle ranges of more than I O  times the 
us projected range (Wintcrbon 1975) have been observed for 200 keV Au implanted in 
Cu under (110) axial alignment (Borders and Poate 1976). In view of the discussion in 
section 5.2, it is unlikely that the tail of the depth distribution is due to vacancy-assisted 
migration of the implanted Hf atoms. From the measured depth profile, we calculate a 
maximum Hf concentration of about 0.04 at. % for a dose of 1 x lOI4 at. ana2. This 
corrcsponds to an average interatomic separation of about 14 lattice distances. 

The crystal was annealed at 873 K for 20 min in a vacuum better than 
1 x lo-' mbar. The Hf depth profile measured after this treatment is practically 
identical to the one shown in figure 3. 

4. Channelling experiments 

4.1. Eupcrimental details 

An Fe(211) single crystal was implanted with 110 keV I8"Hf to a dose of 2.5 x 
IO" at. an-*. Channelling experiments were carried out on the as-implanted crystal 
using a beam of 2.0 MeV 4He+ ions. Energy spectra of ions scattered from the i o n  
host lattice and the hafnium atoms were measured with three cooled silicon surface- 
barrier detectors. The detectors were placed at backscattering angles of f165" and 
139, and had an average energy resolution of about 16 keV RYHM. During the 
measurements, the crystal was cooled to 163 K 

Angular yield eurves around the (loo), (110) and (111) crystallographic axes were 
constructed from spectra measured as a function of the tilt angle \Ir with respect 
to these directions. The energy spectra were summed over a region corresponding 
to a depth from 0 to 45 nm. All scans were taken in a plane making an angle 0 
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of roughly 1.5' with a { l l O )  plane through the corresponding axis. Each scan was 
measured on a different spot on the crystal surface. The yield curves measured with 
the detector placed at -16.5' were used in the analysis of the Fe dips. The Hf yield 
curves obtained with all three detectors were averaged in order to improve statistics. 
Additionally, a constant background of less than 15% due to pile-up was subtracted. 

4.2 Resulcs 

In figure 4, the experimental angular yield curves for the iron host and hafnium 
impurity are shown. The curves are normalized to the yield obtained at Y = 5". 
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Figure 4 Normalized scattering yield as a function of the tilt angle 8 with respect to 
the (100) (a, A), (110) (6, E )  and (111) (c, C:) axial directions. for 2 MeV helium ions 
hacltscatlered from Fe ( a ,  b ,  e) and Hf (A,  E ,  C!). Experimental points are indicated 
ty squares and cides, simulated poinu are mnnected b full N N ~ S .  

In all the yield curves, the measured minimum yield, xmin E 1796, of the host 
is significantly larger than the theoretically expected value for a perfect crystal (e.g. 
x , ~ ~ , ( ~ ~ )  = 2%). The difference is partly due to the presence of a disordered surface 
(oxide) layer and partly to radiation damage introduced in the crystal during the hafnium 
implantation. However, we presume that the main contribution to the minimum yield 
arises from randomly displaced host atoms or dislocations, which were already present in 
the crystal before the Hf implantation. The analysing heam did not introduce significant 
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amounts of lattice damage. On the contrary, at the end of the angular scans we observed 
a decrease of xmio by about 25% and 10% for the host and the impurity, respectively. 
This suggests that lattice disorder anneals out during the helium bombardment. The 
positive effect of post-irradiation on the substitutional fraction of implanted impurity 
atoms has been well documented (Meyer and Turos 1987). 

The experimental host and impurity scans were simulated using the Monte Carlo 
program nux (Smulders and Boerma 1987). The smallest chi-square values were 
obtained assuming a Gaussian angular beam spread with standard deviation U = 0.1", 
0.2O and 0.2" and an angle 0 = 14O, 17' and 16O for the (loo), (110) and (111) scans, 
respectively. The simulated scans are shown as full curves in figure 4. 

The large values of the angular beam spread cannot be solely due to the presence 
of a disordered surface layer, for U = 0.lo would require a surface layer thickness of 
at least 74 nm. This is much thicker than the average Hf depth. Moreover, such a 
thick layer would immediately be visible in the RBS energy spectrum measured in axial 
alignment, which is not the case. A possible explanation for the apparently extremely 
large beam spread could be that our single crystal is not perfect, but contains twinned 
or mosaic regions. This idea is supported by the fact that some regions of the crystal 
are of very bad quality as reflected by a measured minimum yield of 50% or more. 

The lattice location of the implanted Hf atoms was determined by fitting simulated 
angular yield curves to the experimental curves for different assumed impurity lattice 
sites. In the simulations, we used the values of B and cr given above. The best overall fits 
were obtained for a combination of Hf atoms located at regular lattice sites and randomly 
distributed impurity atoms. The results are shown in figure 4. The substitutional 
fractions derived from the fits amount to 4S(3), 4S(3) and 50(7)% for the (loo), (110) 
and (111) directions, respectively. Due to the pure statistics of the Hf signal and the bad 
quality of the crystal, we cannot exclude the possibility that some of the substitutional 
Hf atoms are in fact slightly displaced from exact lattice sites. 

J M G J de Bakkcr et a1 

5. Discussion 

5.1. Lattice site location 

By means of PAC and channelling experiments, we have obtained information about 
the lattice location of Hf ions implanted in Fe single crystals. The PAC results indicate 
that a fraction fi of the HI atoms between 75 and 8976, depending on the implanted 
dose are located in a distorted environment. The rest, fs, are located in a well defined 
surrounding with cubic symmetry. According to our channelling measurements, a 
fraction fi 50% of the implanted Hf atoms are found at random lattice sites while 
the rest are located at or slightly shifted from regular lattice sites. Combining the results 
of the MO experiments, we conclude that a fraction 25 < f3 < 3976, J3 = j, - fi, are 
located at or near regular lattice sites but do not contribute to the PAC signal. 

One should be aware that PAC and channelling may yield quite different values 
of the so-called substitutional fraction (see, e.g., Meyer and nros  1987, p 406). In a 
PAC experiment, fs samples atoms in any cubic environment, including cubic defect 
structures. In a channelling experiment, fs samples atoms at or near regular lattice 
sites, including impurity-vacancy clusters. In the following, we will use this difference 
in sampled properties to distinguish between the various lattice locations of the 
implanted Hf atoms, and discuss the pros and cons of some possible interpretations 
of the observed fractions. 
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Taking the results from channelling and PAC measurements 
together, it is obvious that this kct ion of Hf atoms is located at substitutional 
lattice sites. From the absence of an electric field gradient (EFG) we conclude that at 
least the nearest-neighbour shell has cubic symmetry and must, thus, be undistorted. 
In the following, we denote a substitutional HI atom by HfV, where V stands for a 
vacancy. 

fi Y 50%. According to the equilibrium phase diagram, Hf is practically insoluble 
in a-iron (Massalski 19%). It is thus conceivable that this fraction of implanted Hf 
atoms has segregated and formed clusters or precipitates. Indeed, Hf atoms in 
clusters or (incoherent) precipitates are distributed at irregular lattice sites, and in 
channelling measurements, they would contribute a constant yield as a function of 
tilt angle. In PAC experiments, they would show up as being subjected to a variety 
of field gradients. As the mobility of Hf in Fe at the implantation temperatures is 
virtually zero, the segregation must have occurred during the cooling phase of the 
collision cascades (Meyer and nros  1987). According to a TRIM.CAS (Biersack 1988) 
calculation, Hf doses higher than about 1 x loLz at. are required for the cascades 
to overlap. Because our samples are implanted with doses ranging from 2 x lo1* to 
2.5 x lot4 at. an-,, segregation can indeed not be excluded. Only substitutional Hf 
atoms cause a well defined interaction frequency, whereas the other Hf atoms give 
rise to a broad distribution of frequencies. This is a strong indication that no large 
precipitates of any ordered phase are formed. 

Hafnium is an oversized impurity in iron. Therefore, one may expect that Hf 
interacts with vacancies present in its near environment. In the damage cascades, 
vacancies are produced abundantly. These vacancies are spatially correlated with 
the position of the implanted atoms. Several vacancy-impurity complexes may form 
athermally during the cooling phase of the cascades and, above recovery stage 111, 
by therm11 activation of vacancy mobility (Meyer and Turos 1987). When extended 
vacancy clusters are formed around Hf atoms one expects large relaxations from 
regular lattice sites as well as strong electric field gradients. Thus, we may also 
attribute the fraction f, to Hf atoms that are associated with vacancies. Since the 
Hf-monovacancy cluster is unstable above 250 K (see section 5.2), such clusters must 
contain more than one vacancy. 

f3 Y 25-39%. According to our channelling measurements these atoms are 
not located in Hf clusters or (incoherent) precipitates. For the same reason, these 
atoms are not located in large vacancy clusters. However, they may be associated 
with small vacancy clusters consisting of one or two vacancies. Indeed, the very 
small relaxation of a substitutional solute atom associated with one or two trapped 
vacancies may not be observable by channelling. This has been shown, e.g., in 
the combined PAC and channelling measurements on the system InCu: In-vacancy 
and In-divacancy complexes were not observed by the channelling method, while 
they were easily detectable by the PAC technique because of the large local EFG 
(Swanson el ai 1984). Thus one might expect that the fraction f3 consists of atoms 
associated with one or two vacancies. Since Hf-monovacancy clusters (HfV,) are 
thermodynamically unstable at room temperature (see section 5.2), we are left with 
Hf-divacancy complexes (HfV,) to explain fraction f3. 

Another possible explanation for the fraction f3 which we will consider here is 
trapping of interstitial impurity atoms such as N, C or 0. We do not have data on 
the concentration of these impurities in the used Fe(211) single qstals .  However, 
we have also implanted an Fe(100) crystal of 3 N  purity acquired from Materials 

fs Y 1145%. 
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Research Corporation. The carbon and oxygen concentrations determined by means 
of charged particle activation analysis are 1 ppm and 35 ppm respectively; the nitrogen 
concentration is unknown. With such crystals, Metz and Niesen (1989) have observed 
an anomalous behaviour in NMR-ON experiments as compared to crystals with higher 
purity, which they tentatively attributed to the association of oxygen with the implanted 
I3l1 probe nuclei. We have observed a substitutional fraction of fs = 12.2(5)% at 
an implanted dose of 3 x lOI4  at. anez, which is comparable to the results obtained 
with the Fe(211) crystals. Nitrogen, oxygen and carbon interstitials are immobile in 
iron at 77 K and hardly mobile at room temperature (Fromm and Gebhardt 1976). If 
these impurities are indeed trapped, they must have been mobilized during the energetic 
damage cascades produced by the impinging Hf ions. 

5.2. Inleracrion wilh monovacancies 

The low-temperature isochronal annealing experiments on lslHf implanted Fe show 
defect trapping and detrapping near 200 and 250 y respectively. In PAC experiments 
performed on the system "'InFe, a dip in the substitutional fraction has becn observed, 
which is very similar to the one shown in figure 2, and which has been associated with 
freely migrating vacancies (F'leiter el a1 1981). This idea is supported by the results of a 
series of measurements on positron lifetime (Hautojarvi 1983) and muon spin rotation 
(Moslang el af 19S3, Weidinger 1984) which have clearly shown that monovacancies 
in iron become mobile near 200 K. This temperature corresponds to defect recovery 
stage 111, according to the one-interstitial model (Schilling el a! 1975). 

Weidinger has proposed two possible explanations for the disappearance of the 
frequency associated with a vacancy-impurity pair a few tens of Kelvin above the 
trapping temperature in his muon spin rotation experiments on the systems CoFe, 
NiFe, SiFe, CuFe and AuFe: (i) break-up of the vacancy-impurity pair or (ii) 
migration of the vacancy-impurity pair (no break-up) and formation of vacancy- 
impurity clusters. His experiments could not definitely distinguish between these 
two possibilities. However, on the basis of our PAC measurements and considering 
the similarity between the annealing behaviour of the HfFe system and the systems 
studied by Weidinger, we may propose option (i) as the proper explanation, because 
option (ii) would not lead to the observed increase of fs. 

An estimate of the vacancy-hafnium binding energy, Ehw2, may be obtained in 
the following way. Let Tl be the temperature at which half of the impurities have 
trapped a vacancy. This requires on the average n, jumps: 

J M C J d e  Bakker et ai 

nl = Atv,exp(-E~/lrBT,) (1) 
where EV is the vacancy migration energy, A t  is the annealing time, and U, is the 
monovacancy jump frequency. For the vacancy-impurity to break up, 712 jumps of 
the vacancy away from the impurity are required: 

nZ = Atv,exp(-E&/k,T,) (2) 

E& = E h 2  + Et. 

E h 2  = EXTZ - Tl) /T,  t k,T*In(?~,/nz).  

where Tz is the temperature at which the substitutional fraction has recovered to half 
of the initial value and E& is the vacancy-solute dissociation energy given by 

(3) 

(4) 

Combining equations (l), (2) and (3) yields 
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We have assumed that the effective jump frequencies for free vacancies and solute- 
associated vacancies do not differ appreciably. We take 5 < nl < 21 (Van der Kolk 
ef a1 1985), and assume a single-step detrapping process with n2 = In2. If we 
take the calculated value 0.68 eV for the monovacancy migration energy (Beeler and 
Johnson 1967), and the observed temperatures TI = 200(5) K and T, = 250(5) K, 
we finally obtain E h 2 ,  =. 0.17(3) e\! Similar values have been obtained for other 
impurity-vacancy pairs in uon (Mdang  ef a1 1983). 

13. High-lemperature behaviour 

Bowen and Leak (1970) have determined the tracer diffusion coefficient of Hf in 
stabilized a-Fe in the temperature range from 1371 to 1657 K They found 

D = D, exp( - E / k B T )  (5) 

with the pre-exponential factor D, = 1.31(+2) x mz s-I and activation energy 
E = 3.01(17) e\! From the Einstein equation for random-walk diffusion in an 
isotropic crystal (Peterson 1978) 

(R2) = 6Dt (6) 

we can calculate the root-mean-square displacement of Hf in Fe after annealing 
for .t = 1200 s at 873 K Extrapolation of relation (5) to T = 873 K yields 
D = 5 x  lo-= mz s-I and, inserting this into equation (6), we obtain (R*)'/* z12 nm. 
This distance is too small for massive diffusion towards the crystal surface. Though the 
values given by Bowen and Leak are thought to be not very reliable (Oikawa 1983), 
they are in agreement with the results from our RBS measurements. Indeed we did 
not observe long-range diffusion after annealing at 873 K However, on the basis of 
the calculated root-mean-square displacement and our RBS measurements, we cannot 
exclude formation of hafnium clusters or precipitates. The occurrence of precipitation 
is not unlikely, given the very low solubility limit of Hf in Fe. We conclude that 
precipitation is a possible explanation for the sudden drop in fs observed in the 
system I8'HfFe by means of PAC after annealing at 873 K 

One might attribute the reduction of fs to the trapping of interstitially migrating 
impurities such as 0, N or C. These impurities are highly mobile in Fe at much lower 
temperatures than 873 K (Fromm and Gebhardt 1976). Thus, their appearance in 
solution and diffusion towards the probe nuclei must be preceded by dissociation of 
solute or solutevacancy clusters. However, carbon-vacancy Pkaki et a1 1983) and 
nitrogen-vacancy (Swanson el a/ 1985) clusters break up at already 560 K and 650 K, 
respectively. At these temperatures fs does not change significantly. Furthermore, 
nitrogen-associated hafnium dissociates at 773 K (see 11). It is therefore unlikely that 
formation of Hf-N and Hf-C complexes is the cause of the decrease of fs 

6. Conclusions 

By means of perturbed angular correlation, Rutherford backscattering and channelling 
experiments, we have investigated the lattice site location and annealing behaviour 
of 110 keV hafnium implanted into iron single crystals. It was found that a fraction 
of 1145% of the implanted hafnium atoms are located at substitutional sites in 
an undisturbed environment, while about 50% are located at random lattice sites. 
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The remaining atoms are located at or near regular lattice sites in a perturbed local 
environment. 'Rapping and detrapping of monovacancies by substitutional hafnium 
atoms at 200 and 250 K, respectively, as well as hafnium precipitation during annealing 
at 873 K was observed. The binding energy of a mcancy-hafnium pair was determined 
to be E h 2  = 0.17(3) e V  

J M G Jde  Bakker et al 
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