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Hydrogen-vacancy interaction in tungsten 
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Laboratorium voor Algemene Natuwkunde, Materids Science Centre, University of 
Groningen. The Netherlands 

Received 23 July 1991 

Abstract. Hydrogen-vacancy interaction in tungsten was investigated by means 
of the perturbed angular correlation technique, using the isotope '"In as a probe. 
Hydrogen trapping at an "'In-vacancy cluster manifests itself as a change of the 
locd electric field gradient, which gives rise to an observable shift of the quadrupole 
frequency. The measurements show that a vacancy in tungsten can trap one or 
two hydrogen a t o m  at room temperature. The detrapping energies of the first and 
second hydrogen atom are 1.55(2) and 1.38(2) eV, mpectively, while the detrapping 
en- of the next hydrogen atom is less than 1.1 eV. Substitutional "'In atoms 
do not trap hydrogen at room temperature. At least two more hydmga decorated 
defects were observed. Although their StmctureS are not quite clear, they probably 
fonn from larger vacancy clusters and may eontain a large amount of hydrogen. The 
dissociation energy of these bubble-like defects is 1.30(2) eV. 

1. Introduction 

Hydrogen and hydrogen-defect interactions in metals have many technological impli- 
cations. They have, therefore, been the subject of numerous experimental as well as 
theoretical studies. Some points of interest in these investigations were the strength 
of the hydrogen-vacancy binding, the lattice location of hydrogen, and the number of 
hydrogen atoms that can be accommodated by a single vacancy. 

The effective-medium theory has proven to be extremely useful to calculate posi- 
tions of hydrogen isotopes at lattice defects and the corresponding binding energies. 
This theory has recently been applied to the case of hydrogen-vacancy binding in a 
number of transition metals (Nordlander et a1 1986, 1989). The results obtained for 
the BCC metals Fe, Nb, MO and W are collected in table 1. 

Hydrogen decoration of monovacancies in molybdenum has been studied experi- 
mentally by using the positron lifetime technique (Ransen et QZ 1985, Linderoth el QI 
1987). After the samples had been electrolytically doped with hydrogen, a decrease of 
the longer lifetime from 180 to 165 ps was observed. It was concluded that either the 
vacancies had trapped two hydrogen atoms, or that the hydrogen occupancy varied 
from zero to four. In our opinion, the results of the positron lifetime measurements 
merely allow us to conclude that vacancies in molybdenum may trap up to several 
hydrogen atoms. The change in positron lifetime during a thermal annealing sequence 
was also used to monitor the dissociation of hydrogen-vacancy complexes, yielding a 
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detrapping energy of Ed = 1.75(5) eV. Assuming a value of 0.35 eV for the migration 
energy, a binding energy Eb = 1.4(1) eV was derived. A comparison of doped and 
undoped samples, both annealed at 600 K, gave indications that hydrogen-occupied 
vacancies act as nucleation centres for further vacancy trapping. Comparing measured 
and calculated positron lifetimes, it was concluded that each cluster may contain 10-30 
vacancies. 

The binding energy of deuterium at vacancies in molybdenum was derived from 
deuterium depth profiles measured after subsequent annealing treatments (Myers and 
Besenbacher 1986). The data had to be fitted with as many as 19 coupled differential 
equations in order to account for the different deuterium-trap combinations. The 
analysis yielded a value of 1.03 eV for the binding energy of a deuterium atom at 
a vacancy, and a value of 0.80 eV for the binding energy at a deuterium-decorated 
vacancy. 

A theoretical investigation of the binding of hydrogen at octahedral and tetrahedral 
positions in V, Cr, Fe, Nb and Ta showed that the tetrahedral lattice position is slightly 
favoured, except in the case of Fe (Puska and Nieminen 1984). These calculations 
allowed for lattice relaxation. 

Experimental information about lattice location has been obtained from chan- 
nelling experiments. In Fe, deuterium is displaced by 0.4 A from the octahedral site 
towards a regular lattice site, and in V by 0.4 A from the octahedral towards the tetra- 
hedral site (Besenbacher et  al 1985). Deuterium implanted at 87 K in Cr, MO and 
W is located within 0.3 from the tetrahedral site (Picraux and Vook 1974, Picraux 
1976). Upon annealing, however, deuterium in Cr and MO moves to a position near 
the octahedral site, the displacement being 0.4 8, towards the vacancy in the case of 
Cr and 0.2 A towards the tetrahedral site in the case of MO. In more recent chan- 
nelling measurements on V, Cr, Fe, Nb, MO, Ta and W it was found that deuterium 
is displaced by about 0.2 A from the tetrahedral towards the octahedral site in all 
cases (Ligeon et a1 1986). The discrepancy between these results can be reconciled if 
one assumes that in some cases the lattice position was determined by the presence of 
vacancies and in others it was not. 

J R Fmnsens et al 

From this overview the following points become clear. 

(i) Hydrogen in BCC metals traps at vacancies, 
(ii) A single vacancy may trap up to several hydrogen atoms. However, there is 

no precise experimental information available about the number of trapped hydrogen 
a tom.  

(iii) The lattice position of hydrogen trapped at a vacancy seems to vary from 
element to element. 

In this article we report on an experiment in which we applied the perturbed 
angular correlation technique to monitor the number of hydrogen atoms trapped at 
a vacancy in tungsten. Several problems that hamper the interpretation of the ex- 
periments mentioned previously could be circumvented in our approach. As will be 
shown, we are able to set up a unique and reproducible trap, whereas in channelling 
experiments the exact nature of the trap is unknown. We can determine the im- 
planted hydrogen dose very accurately by injecting hydrogen atoms with the aid of a 
low-energy ion gun, contrary to the case when samples are electrochemically loaded. 
By this procedure we do not introduce new damage into the crystal. Finally, the 
perturbed angular correlation technique is very sensitive to the number of trapped 
hydrogen atoms, contrary to all methods mentioned previously. Some preliminary 
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results of this work have been published before (Post and Pleiter 1987, Fransens et a2 
1988). 

2. Trapping of mobile atoms at unsaturable traps 

In this section we will briefly discuss the trapping of implanted gar atoms at non- 
saturable traps. To simplify the picture, we will make a few assumptions which, 
however, are not necessarily valid in all cares. A more thorough discussion of the 
trapping theory can be found in the literature (Van Gorkum and Kornelsen 1979, Van 
Veeu and Caspers 1980). 

The number of particletrap encounters during a time interval dt, within a layer 
with an area dS and a thickness dz, is equal to the product of (i) the average number 
of jumps performed by the mobile particle, (ii) the number of mobile particles in the 
layer and (iii) the relative number of traps: 

vdtc(x)dSdz m ( z ) / N o  (1) 

where v is the jump frequency, c(z) is the steady-state concentration of mobile par- 
ticles, n(z) is the trap concentration, and No is the atomic density. The factor z in 
equation (1) is related to the effective trapping radius for the trapping process. The 
number of impinging particles is 

J d S d t =  ( l m I ( z ) d z )  dSdt 
II  

where J is the flux density, q is the efficiency of the injection process and I(x) describes 
the depth distribution of the injected particles. The trapping probability in the thin 
layer dz is equal to the ratio of the expressions (1) and (2): 

zvc(x) 
NOJ 

-n(x)dz E p(z)n(x) dz. (3) 

The steady-state concentration of mobile particIes, c(z), follows from the balance 
between diffusion, production and trapping: 

azc 
axz D- + r(z) - p ( z ) n ( z ) J  = 0 .  

If we can neglect the effect of trapping, the solution is given by 

W z )  = [ <I(<) dE + z Jca I ( < )  d<. 

(4) 

(5) 

The second term in equation (5) disappears at large depths, provided that I(<) N E - k  
with k > 2. For z beyond the average deposition depth (2) we have, therefore, 

m 

WE) N (4 1 I ( < )  d< = d z )  J (6) 
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We used the relation D = where r is a geometrical factor and X is the length 
of an elementary jump. Under these restrictions, the factor p(z)  is constant and may 
be considered to be the cross section for trapping at a depth I. 

Equation (7) is only valid if the trapping term in the balance equation (4) may be 
neglected. However, our samples were prepared by room-temperature implantation of 
I'lIn into tungsten to a dose of 1 x 1012 em-', at an implantation energy of 50 keV. For 
this case we calculate about 2 x lo" cm-2 vacancies from the modified Kinchin-Pease 
formula, assuming that 20% of the created vacancies survive recovery stage 111. The 
trapping c r w  section is estimated to be 2 x cm2 using the parameter values 
z = 1, r) = 0.57, ( z )  = 15a (from a TRIM simulation), r = 1/6, A* = a2/8, No = 21a3 
and a = 3.16A. Hence, theratiooftrappingand p r o d u c t i o n i s 2 ~ 1 0 ~ ~ ~ 2 ~ 1 0 - ' ~  = 40, 
and the trapping term may not be neglected. 

To illustrate this, wesolved equation (4), assuming the boundary conditions c(0) = 
0 and d(cm) = 0. The hydrogen implantation profile shall be a Gaussian with an 
average depth of zH = 15a and a straggling of uH = 8a. The traps, introduced by a 
50 keV '"In implantation, shall be distributed according to a Gaussian profile with 
an average depth I, = 60a and a straggling of un = 20a. The integration is started 
at large depth, and a properly normalized solution of the homogeneous equation is 
added to the result in order to satisfy the boundary condition at the surface. The 
hydrogen concentration and, hence, the trapping cross section turn out to be strongly 
suppressed in the region of the damage cascade if the total number of vacancies exceeds 
10" cm-'. One may define an effective trapping cross section as 

3 R Fmnsens e t  a1 

The reduction factor pefi/p is roughly inversely proportional to the total number of 
traps if n > lo'* as shown in figure 1. 

. 

Figure 1. The reduction factor ires/@ a5 a function of the integrated trap density 
R. 
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3. Perturbed angular correlation of ̂ /-rays 

Before considering the experimental results, we describe in heuristic term< the essen- 
tial features of the perturbed angular correlation technique. For a more complete 
treatment of nuclear radiations, their correlations, and extra-nuclear perturbations, 
we refer the reader to the existing literature (Steffen and Alder 1975, Wichert and 
Recknagel 1986). 

Basic to the method is the selection of an ensemble of excited nuclei with unequal 
populations of magnetic substates. As such states decay, the probability for y-ray 
emission will have an anisotropic distribution with respect to the axis of quantization. 
In the absence of hyperfine interations, the directional distribution of the 7-rays will 
be given by 

where the ellipsis indicates higher-order terms and f? is the angle between the axis of 
quantization and the direction of the emitted y quantum. The anisotropy coefficient 
A, depends on the population imbalance among the magnetic substates and the multi- 
polarity of the emitted y-ray. Neglect of higher-order terms is justified in the case of 
the nuclear probe "'In. 

In the presence of hyperfine interactions, the directional distribution becomes time- 
dependent with the form 

W(0, t )  = 1 + A2G2(f?,  t )  + ' . . (10) 

The so-called perturbation function G,(S, t )  contains all relevant information about 
the interaction of nuclear moments with extra-nuclear fields. If the perturbation is 
due to an electric quadrupole interaction with axial symmetry and random orientation, 
and the nuclear spin is I = 512, we have 

G2(f?, t )  = Gz(t)P,(cosf?) 

C,(t)= Q ( 1 + ~ c o s w o t + ~ c o s 2 u o t + ~ c o s 3 w o t )  
(11) 

where w,, = (3r/10)eQVzV,,/h. Here, Q is the nuclear electric quadrupole moment, and 
V,, is the z-component of the diagonalized electric field gradient tensor. In defect 
studies, the discrete quadrupole frequency wo is used to 'flag' a particular defect state 
for identification in subsequent observations. 

To select the unequal populations of m states required for these effects, a coinci- 
dence measurement is made on a 77 cascade. Detecting the first y-ray in a given 
direction selects a preferred nuclear spin direction, and ensures that the second 7-ray 
has an anisotropic distribution. The coincident count rate as a function of the time 
lag t between the detection of the first and the second -pray can be written as 

where C, and B;, are the true and accidental coincidence count rates, T~ is the 
lifetime of the intermediate nuclear level. The angle f? between the detectors i and j 
in our experiments was either 90° or 180". To eliminate the exponential decay factor 
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as well as the effects of detector efficiencies and finite solid angles subtended by the 
y-ray detectors, we formed the following ratio (Arends el a[ 1980). 

J R Fransens et a1 

where C,, and C,,, are the averaged and background-corrected count rates for the 
90° and 180" detector combinations 

cso = 4{Ci4(9O0rt) - B14?{C23(9O',~) - 
(14) 

Clso = J{C13(1800,t) - ~131{C21(1800,t)  - 4 4 1 .  

Provided the effective anisotropy is the same for all detector pairs, the theoretically 
expected value of the right-hand side of equation (13) is 

R(t)theo = (15) 

To determine the frequencies and the relative numbers of distinct defects, the experi- 
mental ratio R(t)exp was least-squares fitted with the expression: 

F(t)=fo+C,f,G(wo,,6,,V~,l). (16) 

G(UO,~ V ,  t )  = & S ~ ( V ) ~ { S ~ ( S P I  cos{gn(V)wotI. (17) 

The s u m  over m accounts for the contribution of different defect sites to R(t) and 

The function h(z) ,  which is taken to be either a Gaussian or an exponential function, 
describes a possible distribution of quadrupole frequencies. The deviation of the elec- 
tric field gradient tensor from axial symmetry is given by the asymmetry parameter 
q = (V=- - Vyy)/Vzz with /Vz=l < lVvyl < [V,,l. The relative amplitudes, s,(v), and 
the relative frequencies, g,(q), in equation (17) depend in a known way on 'I. It is 
generally believed that the symmetry of the electric field gradient tensor reflects the 
symmetry of the defect structure. 

4. Experimental details 

For all our measurements we used polycrystalline tungsten foils with a purity of 
99.95%. After having been annealed in vacuum (p 1 x mbar) at 1273 K 
for 30 min to remove the tungsten oxide layer, they were implanted with 50 keV 'l1In 
ions to a dose of < 1 x 10'' The effect of subsequent annealing is demon- 
strated in figure 2, where the Fourier transform of the perturbation function is shown 
as measured after annealing for 15 min at different temperatures. The quadrupole &e- 
quencies 133 Mrad s-', 301 Mrad s-' and 249 Mrad s-l have been assigned to InV,, 
InV, and microvoids, respectively (Post ef a1 1983, Van der Kolk ef a1 1985, Putz e l  
a i  1986). Fkom this figure it is clear that after annealing at 750 K only one distinct 
defect is visible. This standard treatment creates a well defined situation with about 
20% of the ll1In ions located in InV, complexes. Of the remaining In atoms, about 
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frequency (Mrad/s) 

- 
e! 

0 200 400 600 800 
frequency (Mrad/s) 

Figure 2. Fourier transform of the perturbation function measured (e) after 50 keV 
'"In implantation at RT, and after subsequent annealing at (a )  620, (c)  750 and ( d )  
820 K. The quadrupole frequencies 133 Mrad s-', 301 Wad s-' and 249 Mrad s-l 
correspond to InV2, InV3 and m i m v o i d s ,  rerpntively (Post e t  e/ 1983, Van der 
KO& cL ol 1985, PGtz ct a/ 1986). 

20% are at substitutional lattice sites in an unperturbed environment, while the oth- 
ers are probably located in small vacancy clusters containing four or more vacancies. 
Next, the samples were implanted with 1 keV hydrogen molecules corresponding to 
500 eV Ht ions, using a low-energy ion gun. The maximum energy transferred in this 
case to the lattice amounts to 11 eV, which is well below the minimum displacement 
energy. Therefore, no further damage is introduced into the samples by t.he hydrogen 
implantations. 

In our experiments we varied the hydrogen dose from 1 x IOx3 up to 1 x lo" cm-2. 
To study the stability of the hydrogen decorated defects, we performed an annealing 
sequence on samples that had been implanted with 5 x 1015 H cm-2. For temperatures 
up to 398 K the samples were annealed 'au bain-marie', and at higher temperatures 
they were annealed in vacuum (p z 1 x mbar). The annealing time was 15 
min in all cases. Other samples implanted with a hydrogen dose of 5 x 1015 cm-' 
were mounted on the tip of a helium flow-cryostat in order to study the temperature 
dependence of the electric field gradients. The temperature of the samples was varied 
from 25 K to room temperature (RT). 

The PAC spectra were measured using four y-ray detectors positioned at relative 
angles of 90' and 180'. Each detector consisted of a 51 mmx 45 mm diameter NaI(T1) 
scintillator mounted onto an RCA 8575 photomultiplier. The time resolution of the 
system was about 3 ns FWHM resulting in an accessible frequency domain of about 
1 Grad s-l. 
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Figure 3. PAC spectra (left)  and their Fourier transfo- (right) measured (a) before 
hydrogen implantation, and after hydrogen implatation to a dose of ( a )  1 x 
(c )  3 x and ( d )  9 x cm-*. 

5. Experimental results 

After the standard treatment described previously, only one single component is visible 
in the Fourier transform of the PAC spectrum. Frequency and asymmetry parameter, 
U, = 133 Mi-ad s-' with 7 = 0, of this component correspond to the InV, defect, the 
fraction being approximately 20%. 

After hydrogen implantation the Fourier spectra become much more complicated. 
The number of undecorated vacancies decreases and new defects appear. In figure 3 we 
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show some typical PAC spectra and their Fourier transforms that were obtained after 
implantation of hydrogen to the specified doses. The frequency of the InV, defect 
changes to a smaller value and extra peaks appear in the Fourier spectra around 
approximately 220 Mrad s-'. After a careful analysis of a series of measurements 
it became clear that the frequency of the InV, defect shifts from 133 via 127 to 
121 Mrad s-', with increasing hydrogen dose, indicating the formation of at least 
two different defect structures. The asymmetry parameter, however, remains zero. 
The peaks in the Fourier transform at 220 Mrad s-' could be fitted reasonably well 
assuming one component with a frequency of about 220 Mrad s-' and an asymmetry 
parameter q Y 0.7. 

1.2 - 
0.8 

0 
t; 0.6 .3 1 . 

I ,  

x ., 0 /' e 

0.2 t k-29 
0.p0*3 loLs 

,... 

loL6 
H dose (cm-') 

Figure 4. Normalized fractions of the different defects as a function of the hydrogen 
dose: +.133;.,127;A. 121;and0,220Mrads-'. Thebarsinthtdatapointsfor 
a hydrogen dose of 3 x give an indication of the accuracy of the results. 
The curves are a guide to the eye. 

The fitting procedure was as follows. The frequency corresponding with the bare 
vacancy, 133 Mrad s - I ,  was kept ftxed at the value measured on the undoped samples. 
The frequency of 121 Mrad s-I was obtained from summed spectra taken in the 
region of large hydrogen doses. These frequencies being known, we obtained the 
intermediate frequency, 127 Mrad s-' , by summing the spectra taken at a hydrogen 
dose of about 1014 cm-2. Finally, the fractions of the different defects were determined 
by fitting each individual spectrum with four components, the triplet of 133, 127 and 
121 Mrad and the 220 Mrad s-' defect, while keeping the frequencies of the triplet 
k e d  at the previously obtained values. The results were normalized to the sum of 
the fractions of the 133, 127 and 121 hlrad s-' defects, which amounted to 16% and 
13% for the two different samples used in the experiment, and stayed approximately 
constant as a function of hydrogen dose. The final result is shown in figure 4. 

The thermal stability of the hydrogen decorated defects was investigated by per- 
forming a thermal annealing sequence. The PAC spectra and their Fourier transforms 
obtained after annealing at 348, 398 and 623 K are shown in figure 5. It follows that 
the defect that gives rise to frequencies around 220 Mrad s-' is the least stable of 
all. At the end of the annealing sequence the original InV, defect reappeared. The 
different defect fractions were calculated in the same way as in the case of the dose 
experiments, yielding the results shown in figure 6. 
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Figure 5. PAC spectra (left) and their Fourier transforms (right) measured after 
hydrogen implantation to a dose of 5 x 1015 and subsequent annealing at (a) 
348, (6) 398 and (c )  623 K. 

We finally measured the temperature dependence of the different hyperfine inter- 
actions for temperatures between 25 K and RT, using a sample that had been prepared 
according to the standard procedure and was implanted with hydrogen to a dose of 
5 x 10’’ an-*. From these measurements it became clear that the Fourier peaks at 
220 Mrad s-l had to be fitted with two sets of frequencies. We further included the 
‘133-127-121 Mrad s-l triplet’ in the fit. In this case, the amplitudes were k e d  
at the average value, while the frequencies were varied. The results shown in fig- 
ure 7 demonstrate that the three lower frequencies are almost constant as a function 
of temperature, whereas the two higher frequencies are not. From the analysis we 
derived the following values for the doublet around 220 Mrad 6-l: (i) 216 Mrad s-l 
and q = 0.65 at T,, = 25 K changing to 221 Mrad s-l and 0 = 0.72 at T,, = 300 K, 
and (ii) 238 Mrad s-l at T,, = 25 K changing to 228 Mrad s-l at T,, = 300 K with 
an approximately constant q = 0.72. 

To prove that the members of the ‘133-127-121 Mrad s-’ triplet’ are generically 
related, we implanted a hydrogen close of 1 x 10l6 cm-’ into tungsten foils which had 
been annealed at RT or at 820 K (see figure 2). After annealing at these temperatures, 
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Figure 6. Calmdated fractions of the different defects BP a function of the m e & g  
temperat-: 4, 133; 0, 127; A, 121; and 0, 220 Mrad s-'. The Lactions are 
normalized to the s u m  of the h t  tlvee fractions. 

the InV, fraction was less than 1%; InV, was only observed in the as-implanted sample, 
with a fraction of about 5%. Implantation of hydrogen did not have any measurable 
effect. Therefore, no l t l In  containing hydrogen traps were available in these samples. 
This observation indicates in particular that substitutional '"In in tungsten does not 
trap hydrogen at  room temperature. 

6. Discussion 

From the measurements described previously we have derived a triplet of quadrupole 
interactions. The frequency changed from the original value of 133 Mrad s-l via 127 
to  121 Mrad s-l with increasing hydrogen dose, while the asymmetry parameter is 
zero in all three cases. On further implantation of hydrogen the frequency did not 
change by more than 0.5 Mrad s-'. We also observed a frequency distribution around 
220 Mrad s-', which could be attributed to a t  least two distinct defects, both giving 
rise to an electric field gradient with an asymmetry parameter of approximately 0.7. 
This suggests that  after hydrogen decoration at least four new defect structures are 
formed. In the following discussion we will first address the nature of the defects giving 
rise to the triplet of frequencies and then deal with the defects causing the frequency 
doublet. 

6.1. Structure of the hydrogen decorated vacancy 

A straightforward explanation of the triplet would he the demration of InV, with one 
and two hydrogen atoms, respectively, according to the following reaction 

InV, + 2H -+ InV,H + A -+ InV2H,. (18) 

The fact that  in preliminary work (Post and Pleiter 1987, Fransens et al1988) the 121 
and 127 Mrad s-l components were not resolved is probably due to the circumstance 
that at that time it was not possible to vary the hydrogen dose in a controlled way. 

In order t o  see whether the deduced change of the quadrupole frequency by Aw, = 
-6 Mrad s-l per hydrogen atom is a realistic value, we estimated this change using 
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0 50 100 150 2W 7.50 3W 350 
0.6[ " " " ' 
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Figure 7. Temperature dependence of (s) the 133,127 and 121 Mrad 5-l frequen- 
cies, and of (a )  the two frequencies at about 220 mad 5-l and ( c )  the values of the 
corresponding asylnmetry parameters. 

the point charge model. For the effective charge of the hydrogen atoms we took a 
value of +0.33e, obtained from the measured electric field gradients in a number of 
metal hydrides (Weidinger 1984). From the observed quadrupole frequency of the 
InV, defect we derived a value of -1.8e for the effective charge of the vacancy in 
tungsten. The calculated values of w,, and q for the case of a single hydrogen atom at 
the different tetrahedral and octahedral positions around the InV, complex are shown 
in figure 8. Evidently, the hydrogen atom cannot be positioned too close to the ll'In 
atom, even not if we accept a deviation of 3 Mrad s-l from the measured value of 
127 Mrad s-l and values for the asymmetry parameter up to 0.1. It is also clear that 
we cannot discriminate between the different hydrogen trap locations on the basis of 
the hyperfine interactions. To calculate the effect of multiple hydrogen decoration, 
a second hydrogen atom was added to the other side of the vacancy compared with 
the first hydrogen atom, which is energetically the most favourable position. The 
calculated effect of additional hydrogen atoms positioned on either tetrahedral or 
octahedral positions is an approximately linear decrease of the quadrupole frequency 
as long as the hydrogen atoms are not located too close to the ll1In atom. It is 
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reasonable, therefore, to  conclude that InV, traps only one or two hydrogen atoms at 
RT. 

Figure 8.  Calculated values of the quadrupole frequency and asymmetry parameter 
for the InVz defect decorated with one hydrogenatomon a tetrahedral position (left) 
or an octahedral position (right). Only one out of a number of equivalent sites in the 
* m e  (111) plane is labelled. The open circles indicate positions that do not fulfil 
the acceptance criteria (see text). 

Additional support for this interpretation is obtained from the change of the 
127 Mrad s-’ fraction as a function of hydrogen dose and annealing temperature. 
Figure 4 shows that for low hydrogen doses this defect fraction increases, whereas it 
decreases at higher hydrogen doses in favour of the 121 Mrad s-l defect. In a model in 
which the trapping probability does not depend on the number of hydrogen atoms al- 
ready trapped, the number of defects with n trapped hydrogen atoms is always smaller 
than the number of defects which have trapped n - 1 hydrogen atoms. Such a model 
can reproduce the large fraction of the 121 Mrad s-l defect only if the frequency is 
assumed not to decrease further when more than two hydrogen atoms are trapped. 
This, however, disagrees with the results of the point charge calculations described 
before. 

Figure 6 shows that during annealing at about 400 K the 121 and the 133 Mrad s-l 
fractions decrease, while the 127 Mrad s-l fraction increases. The explanation of this 
behaviour in terms of single and double hydrogen decoration of the InV, defect is 
straightforward: one of the two hydrogen atoms is released from the complex and is 
either trapped at InV, or at one of the larger vacancy clusters, or it escapes to the 
surface. Therefore, the 127 Mrad s-’ fraction should increase and the 133 Mrad s-l 
fraction should decrease, as is indeed observed. During annealing of the sample at 
about 450 K also the last hydrogen atom is released, resulting in a further increase 
of the InV, fraction and the disappearance of the 127 Mrad s-’ fraction. The fact 
that even at the highest annealing temperatures a small fraction of decorated defects 
is found is an artefact of the fitting procedure. 

The measurements at different sample temperatures showed that the Fourier peaks 
at 220 Mrad s-’ are due to at least t w o  different defects. There are some indications 
that these defects contain large amounts of hydrogen. The first indications come from 
the observed additional hydrogen trapping when the ‘220 Mrad s-” defect dissociates 
at about 370 K, leading to a further reduction of the number of undecorated InV, 
clusters. A further clue is obtained from the decrease of the cross section (see figure 9). 
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Figure 9. Nomalized InVz fraction zs a fwlction of the hydrogen dose. 

The initial value of p = 4 x cm2 decreases to p = 3 x lo-'' cm2 at higher 
hydrogen doses, indicating the formation of strong competitive hydrogen traps. In 
section 2 we estimated a value p = 2 x cm2. Taking into account the fact that 
the number of traps is roughly 2 x 1014 we obtain from figure 1 an effective 
trapping cross section peR = 4 x lO-,p = 8.0 x emz, which is in good agreement 
with the value of p measured for small hydrogen doses. 

The origin of the '220 Mrad s-" defects has still to be clarified. After "'In 
implantation and subsequent annealing at 750 K we only observe the InV, defect. 
Since the s u m  of the InV, fraction and the fractions of decorated InV, clusters is 
nearly constant, it is not possible that the '220 Mrads-I' defect is generically related to 
InVz The decoration measurements on samples annealed at either room temperature 
or at 820 K clearly showed that substitutional "'In does not trap hydrogen at room 
temperature. Substitutional '"In and InV, defects being ruled out, the only possible 
seeds for the '220 Mrad s-" defects are larger In-vacancy clusters. These clusters 
give rise to a distribution of quadrupole frequencies and are, therefore, hardly visible 
in the Fourier transform of the perturbation factor. 

6.2. Hydrogen-vacancy binding enezyy 

Assuming a single-step detrapping process, we may calculate the desorption energy 
for the first and second hydrogen atom from the expression 

Ed = kBTdln(vot/ln2) (19) 

where t = 900 s is the annealing time and U,, the attempt frequency. h m  the 
experimental value of the hydrogen diffusion coefficient, Do = 4.1 x lo-'' cm2 sdl 
(Frauenfelder 1969), the relation Do = I'X2uo, r = 1/6, X2 = a2/8 and a = 3.16 A, 
we find vo = 2.0 x lOI4 s-l. Taking a value for Td for which the fraction is reduced 
by 50%, we get Ed = 1.38(2) eV and Ed = 1.55(2) eV for the detrapping energy 
of the second and the first hydrogen atom from InV,H,. The error accounts merely 
for the uncertainty in the value of the detrapping temperature, Td. Using a value 
of 0.39 eV for the hydrogen migration energy in tungsten (Frauenfelder 1969), we 
obtain the binding energies E, = 0.99(2) eV and E, = 1 16(2) eV, respectively, 
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which are in good agreement with the values quoted in table 1. napping of a third 
hydrogen atom was not observed. If such an atom had trapped, it must therefore 
have detrapped within a time which is short compared with the typical time required 
for taking a PAC spectrum. From this we estimate that the dissociation energy for 
the third hydrogen atom is less than 1.1 eV. Finally, the dissociation energy of the 
bubblelike '220 Mrad s-l' defect is 1.30(2) eV. 

Table 1. Calculated binding energy, EL, for the ith hydrogen or deuterium atom at 
a vacancy in several BCC metals. All values in eV. 

Metal Hydrogena Deuteriumb 

EL EL E t  Et  E t  E: E: 

Fe 0.86 0.83 0.79 0.54 0.51 0.41 0.42 
Nb 0.51 0.59 0.56 0.61 0.53 0.52 0.55 
MO 0.92 0.96 0.95 0.80 0.73 0.71 0.70 
W 1.15 _ _ _ _ _ _  

Nordlander et  nl 1986. 
Nordlander et  a1 1989. 

The difference of 0.17 eV between the binding energies of the first and second 
hydrogen atom disagrees with the predictions of the effective-medium theory (see ta- 
ble l), but nicely agrees with the energy difference of 0.23 eV obtained from the 
analysis of deuterium depth profiles in molybdenum (Myers and Besenbacher 1986). 
On the basis of the theoretical predictions one might argue that the detrapping stages 
at 400 and 450 K (see figure 6) each correspond to the release of two hydrogen atoms. 
This would not be in contradiction with the point-charge model, which merely states 
that equal changes of the electric field gradient must be related to trapping or detrap- 
ping of equal numbers of hydrogen atoms. However, it necessarily implies that the 
fifth hydrogen atom binds much weaker to the vacancy than the preceding one, which 
would lead to another contlict with the effective-medium theory. 

Detrapped hydrogen can be retrapped at deeper traps in the neighbourhood, mak- 
ing it impossible for the hydrogen to escape from the damage region. Retrapping plays, 
therefore, an important role in the interpretation of measured depth profiles (Myers 
and Besenbacher 1986). However, in our experiments retrapping cannot hamper the 
analysis. If hydrogen detraps from InV2 and retraps at a deeper trap, it remains un- 
observed because it is no longer attached to the probe atom "'In. The sharp increase 
and decrease of the defect fractions a s  a function of the annealing temperature provide 
further evidence that the InV, clusters do not retrap the hydrogen atoms once they 
have been released. 

7. Conclusions 

Our perturbed angular correlation measurements show that a vacancy in tungsten 
can trap one or two hydrogen atoms a t  room temperature. The detrapping energies 
of the first and second hydrogen atom are 1.55(2) and 1.38(2) eV, respectively, while 
the detrapping energy of the next hydrogen atom is less than 1.1 eV. Substitutional 
lllIn atoms do not trap hydrogen at room temperature. At least two more hydro- 
gen decorated defects were observed. Although their structures are not quite clear, 
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they probably form from larger vacancy clusters and may contain a large amount of 
hydrogen. The dissociation energy of these bubblelike defects is 1.30(2) eV. 
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