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Abstract M6ssbauer specmsmpy on the 9.40 keV transition %r is used Io obtain infomtion 
about solid Kr precipitates in Al. Three different 83RbI SOUME differing in walet contem were 
used which, when measured againa a solid Kr absorber, show a quadrupole component m 
addition lo a dominating single line. An analytical deconvolution technique is pmensd which 
takes care of lhe source characteristics. The spectra of Kr bubbles in Al obIained by high- 
dose implamation show two components: a single line f” Kr atoms inside the bubble and a 
quadrupole split component fmm Kr at the &-AI interface. Spectra were taken as a function 
of temperature. The toU absorption area could be fitted very well assuming a simple Debye 
model, yielding a Debye Iemperature of 0; = 101(2) K. A decompsition of the total area in 
lhe areas of quadrupole and single-line components yields Debye temperahlres of Qg = 98(6) K 
and Q; = 90(10) K respectively. 

1. Introduction 

Since the first discovery of solid highly pressurized inert gas precipitates at room temperature 
in metals in 1984 [1,2], numerous studies have been carried out using a range of metal- 
inert-gas systems [3-1-51. Solid FCC and HCP inert gas precipitates of Ar, Kr and Xe have 
been observed to be epitaxial with a variety of metallic host matrices. Interesting phenomena 
such as bubble lattice formation were reported. From a fundamental point of view the solid 
inert gas precipitate provides a convenient object for the study of the behaviour of small 
assemblies of particles, a model system for precipitation under ion bombardment and a 
useful miniature high-pressure laboratory. 

Mossbauer spectroscopy on the 9.4 keV transition in 83Kr is a very interesting method 
for the study of these highly compressed precipitates. Different environments of the Kr atom 
give rise to clearly different components in the spechum. In particular, the contribution of 
bulk and interface bubble atoms can be separated. From the relative intensities the size of 
the bubble can be inferred. The lattice dynamics can be studied directly by monitoring the 
recoilless fraction as a function of temperature, from which the characteristic Mossbauer 
temperature can be derived This quantity and the isomer shift are directly related to the 
atomic density in the bubbles. 

Notwithstanding the favourable characteristics of the Mossbauer transition in 83Kr, the 
methodology of this resonance is not very well developed. This is due to the fact that solid 
state Kr systems are a rare phenomenon. ”be most suitable parent isotope is 83Rb (86 d), 
but the preparation of a single-line 83Rb source tums out to be a difficult problem. 

Measurements with an 83RbC1 source on an 83KrAI absorber have already been published 
[16,171. The spectra were fitted with two components: a single line (associated with 
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atoms in the bulk of the solid precipitates) and a component split by quadrupole interaction 
(associated with atoms at the Kr-AI interface). It was assumed that the electrical field 
gradient V,, is axially symmetric. Consequently the 7/2+ to 9/2+ transition in the 
Mdssbauer nucleus gives rise to 11 lines in the quadrupole split component. The quadrupole 
moment Q for the ground state is +0.0260(7) bam [I81 while the ratio of quadmpole 
moments for excited and ground states is given by Qi/Qr = 1.958(2) 1191. Thus three 
position parameters where necessary to fit the whole spectrum, the isomer shifts of both 
components and the quadrupole coupling A = eQVrz. The result for the single line was 
S = +0.029(5) mm s-', while for the other component S = +0.017(7) mm s-' and 
A = +1.83(6) mm s-'. There was no indication for the presence of a single line with 
S = +0.68(3) mm s-I that was ascribed earlier to substitutional 83Rb atoms in AI pol. 

Spectra obtained at 4.2 K after vacuum annealing for 20 min at various temperatures 
showed a gradual increase of the intensity of the single line, associated with bubble growth. 
However, even after annealing at 700 K the quadrupole component still had a relative 
intensity of 56%. The original analysis of the data implicitly assumed that the 83RbCI 
source gives rise to a single line, as expected for a cubic environment. However, later 
experiments have shown that this is not the case [17]. To demonstrate this, several spectra 
are compared in figure 1. Figure I(Q) shows the spechum taken on 83RbC1 versus solid 
Kr, while ( b )  shows the spectrum taken on 83RbCI versus the 83KrAl absorber which was 
annealed at 750 K for 2 h. Since there is hardly any difference between the two spectra, 
this strongly suggests that the observed quadrupole splitting is not caused by the absorbers, 
but originates from the source. This implies that after annealing to 700 K the Kr bubbles 
have grown to such a size that the fraction of interface atoms is negligible with respect to 
the bulk fraction. 

M J W Greuter and L Niesen 
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VelociQ ["/SI 
Figure 1. Spectra taken at 4.2 K of (a) ssRbCl versus solid Kr. (6 )  s3RbcI WRUS %AI 
annealed ai 750 K for 2 h. (c) 83RbI versus solid Kr and (d)  dehydrated 83Rbl versus solid Kr. 

In order to obtain a single-line source we made 83RbW,, 83RbC1 and 'URbI sources, 
which were measured versus solid Kr and the 83KrAl absorber. Whereas the spectra taken 
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Figure 2. Diagram of the 7iZt to 9f2" transition in *Kr. The lop part shows the splinings of 
the pound and excited states due to an elechid field gndenf Vxz and the 1 I transitions. The 
boftom pan shows the relative Intensities of these transitions and their energies with respect to 
an unsplit transition. in units of eQV,,. 

with the R3RbHF2 source show very broad lines, the s3RbI spectra are narrower than those 
of 83RbCI (figure l(c)). As a next step we dehydrated the 83RbI source at 100@ for half 
an hour under Hz flow, which narrows the line even more and decreases the intensity of 
the quadrupole split component (figure l(d)). Apart from the distortion of cubic symmetry 
by hydration, electronic aftereffects in the decay from =Rb to 83Kr may also be partially 
responsible for the quadrupole component. Aftereffects will be smaller in RbI than in RbCl 
because the former compound is more covalent. 

Instead of reanalysing the original data, we decided to perform new measurements on 
a similar KrAl sample using an "RbI source. The analysis of the measurements must take 
into account the quadrupole split behaviour of the source together with the quadrupole split 
behaviour of the absorber. The total spechum then consists of four contributions: the source 
single line convoluted with the absorber single line (ss), the source quadrupole component 
convoluted with the absorber single line (qs), the source single line convoluted with the 
absorber quadrupole component (sq) and the source quadrupole component convoluted with 
the absorber quadrupole component (44). In the following we will derive expressions of 
these four contributions. 

2. Masbauer spectra for quadrupole split source and absorber 

If a Mossbauer nucleus is in a site with a point group symmetry less than cubic, the nucleus 
will experience an electrical field gradient with largest component V,, = a2V/azz. The 
interaction with the nuclear quadrupole moment Q gives rise to an electrical quadrupole 
interaction which, within the nuclear manifold with spin I ,  can be expressed as 

(1) HQ = e Q V J 3 I ~  - I ( I  -!- 1) +t ?(I,' - I;)1/41(2I - I )  
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with 17, the asymmetry parameter, defined as 

M J W Greuter and L Niesen 

'I = (V.X - Vyy)/Vzz. (2) 

This interaction leads to a splitting of the nuclear levels. If the site has a threefold or higher 
axis of symmetly, the asymmetry parameter is zero. In this case the energy levels are given 
by 

E,  = eQV,,[3mz - I ( {  + 1)]/41(21 - I )  (3) 

where m = -I,. . . , +I. The transition energies between excited and ground state are given 
by 

where Rp = Qj/Qr and i and f refer to initial and final states respectively (figure 2). The 
Mossbauer transition of "Kr has a magnetic dipole (MI)  character with a small electric 
quadrupole (E2) admixture [ZI]. Making the approximation of pure 2'-pole radiation, the 
intensity I of the emitted radiation between IIi, mi) and [If, mf) is proportional to the 
following [22] 

The absorption probability E between the absorber eigenstates ]l:,mi) and l l i ,mi) is 
proportional to the following: 

where 1; E If and 1; = 1,. In the absence of any preferential orientation in source and 
absorber, the Mossbauer pattem for thin absorbers is given by 

where cos2 8 and r are functions of the transitions m and m' and the Euler angles (U, a', 
p and #Y($ = (U - (U') in source and absorber respectively (figure 3). The integral can be 
evaluated analytically and equation (7) reduces to 

$?I3 m = O  m'=O 

$n2(l+ 8.) m = l  m ' = 1 .  
/ /  1 iz = 11) [ t.3 m = O  m ' = l  (8) 

So the quadrupole-quadrupole convolution consists of 121 Lorentzian lines, where the 
relative intensities are given by (8) and the transition energies by 

AE = A& - AE,. (9) 
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Figure 3. Euler angles (I, e'($ =e -e') and 8,  B' of 
the quantization axes h, hi far the source (unprimed) 
and absorber (primed). k is the direction of propagation 
of the y ray. 

x 

The transition energies AE in source and absorber are defined in equation (4). 

an axial quadrupole componenf 15 parameters are necessary: 
To fit a Massbauer spectra where both source and absorber consist of a single line and 

background B (9 
single linesingle line A, S,, r,, (iiiiv) 
quadrupole-single line A,, S,, A,, r, (v-viii) 
single line-quadrupole A, S, A, rsq (ix-xii) 
quadrupole-quadrupole A, Sqq (AqSAq) rqq (xiii-xv) 

where B, A,  S, A and r represent background, area, isomer shift, quadrupole coupling 
and linewidth respectively and the subscripts s and q stand for single line and quadrupole, 
where the first position refers to the s o m e  and the second to the absorber. By measuring 
the quadrupole split source versus a single-line absorber X the quadrupole split nature of 
the source can be eliminated from the model. From such a measurement the following 
parameters can be obtained 

C I  E Csqs - 4 s ) ~  cz ( A q J A d x  

~3 E (Aqs)x 

A,, = A.C~ 

Aqq = A ~ C Z  

c4 = (rqs - rss)x 
which gives 

sqs = s,, + cI 

Sqq = Sq + Ci 

A~~ = c3 r,, = rss + c4 
rw = rq + c4 

So the &parameter model can be reduced to an eight-parameter model, similar to the case 
of a single-line source: B ,  A,, S,,, rs. A,, S,,, A, and r5, labelled ul to u8. 

If we also allow for a second-order Doppler shift in the single-line and quadrupole split 
components, S d T )  and S6(T) respectively, then the fitting function F is defined as follows: 

F ( U 3  T )  = 01 (1  - ( 2 / 7 w , s ( v ,  T )  + Fqs(V,  T) + F&, T )  + Fqq(u, T)1} ( 10d 

(lob) MU,  T )  = (uz/a4) (103 + - VI* + ( ~ 4 / 2 ) ~ } - '  
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where the isomer shifts U, and as are defined as S,(O K) and SW(O K) respectively. and the 
transition energies E; are defined as AE in equation (4). 

In order to fit the measured spectra a dedicated computer pmgram was written. The 
program is able to fit a series of measured spectra to the described model by the fitting 
algorithm of Marquardt 1241. Several parameters can be optimized simultaneously, where 
optimization of a parameter means finding the value of the parameter, taken to be the same 
in all spectra for which the whole set of spectra has the lowest x'. Second-order Doppler 
shifts are included as predicted by the Debye model. 

3. Experimental results 

83Kr was implanted at room temperature in AI foils of 1.3 pm thickness at an energy 
of 110 keV to a total dose of 1.7 x 10" Kr cm-', corresponding to a maximum atomic 
concentration of - 4 at%. Transmission electron microscopy (EM) experiments show that 
under these conditions small solid precipitates are formed, which are epitaxial with the AI 
matrix [5,6,23]. For the Mossbauer experiments a total area of 70 cm' was implanted 
at both sides, from which an absorber of 1.5 x 10l8 cm-' was made, corresponding to a 
Mossbauer thickness o f t  = 1.5 at 4.2 K. 

Table 1. Source paremeters, in mm SKI. 

Source Aa/AO S, SO 4 P  rSs 
0.44G) -0.W2) -0.040(3) 21(4) 0.71(9) 0.3q2) - DW 

Humid 0.6(1) - - 1.9(6) - 
Wet 1.3U5) - - -1.3(9) - - 

As a source we used 0.5 mCi of S3RbI, produced via the 85Rb(p,3n)83Sr reaction. A 
target of 750 mg cm-' natural RbCl was irradiated with 45 MeV protons to a total dose of 
60 pA h, using the KVI cyclotron in Groningen. The resulting 83Sr activity was chemically 
separated and allowed to decay to 83Rb (86 d), after which a thin 83RbI source was made. 
Mossbauer spectroscopy was performed in transmission geometry, using an Si(Li) detector. 
During the measurement the source was always kept at 4.2 K, while the absorber temperature 
could be varied from 4.2 K to 230 K. In addition measurements were performed at 4.2 K 
on a 2.4 mg cm-' solid Kr layer absorbed on the outer side of the Be window of the liquid 
He cryostat. 

In order to determine the quadrupole solid nature of the source, we measund the 83RbI 
source versus the R3KrAI absorber which was annealed at 750 K for 2 h. The Mossbauer 
experiments were done with three 83RbI sources. During the course of the experiments it 
became clear that a dry '?RbI source is hydrated within a minute in air at roam temperature. 
The best result was obtained by assembling the source in a dry box and quickly cooling to 
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80 K. Unfortunately this was not done for all "RbI sources, which consequently differ in 
water content. They are called the dry, humid and wet source, respectively. 

The measurement spectra are shown in figure 4, while the results are summarized in 
table 1. It tums out that we can obtain satisfactory fits by keeping the linewidths and 
isomer shifts the same in all three measurements. We see that the ratio of the area of the 
quadrupole split component to the area of the singleline component of the 8 3 ~ b I  source 
shows an increase, white the quadrupole coupling constant shows a decrease and sign 
reversal upon an increased hydration of the source. This effect must be due to a distortion 
of the cubic symmetry around the 83Rb ions in the m k  salt structure of the source, caused 
by the introduction of water molecules. We will not comment on these values but only use 
them to obtain the parameters q-cd. These are listed in table 2. 

Table 2. Source specification 

source c ,  c2 n c4 

Dry 0.W2) 0.44(5) 2.1(4) 0.41(9) 
Humid - 0.6(1) 1.9(6) - 
Wet - 1.326) -1.3(9) - 

Table 3. OptimiEd absorber parameters, ia mm s-'. 

S S  AS r, 
s 0.064(2) - 0.51 l(8) 
0 0.106(2) 1.33(9) 0.5916) 

Table 4. Total absorbed area of both componenu. 

source TlKI . ,  
Dry (0) 4 2  

20 
40 
60 

Humid (+) 4 
100 
I50 
200 

Wet ( x )  4 
80 

150 

Am 

0.00340(2) 
0.003 33(4) 
0.00294(4) 
0.003 Oq4) 
0.003 lY4) 
0.00'2 3x2) 
0.001 87(2) 
0.001 59(2) 
0.003 77(2) 
0.00304U) 
0.001 98(2) 

A S ,  A, 
0.001 35(1) 0.00205(2) 
0.001 21(2) O.oM12(3) 
0.001 OS(2) 0.001 89(3) 
0.00083(2) 0.00223(3) 
0.00079(2) 0.00235(3) 
0.00065(1) 0.001 67(2) 
0.00055(1) 0.001 32(2) 
0.00036(1) 0.001 23(2) 
0.000959(8) 0.00281(2) 
0.000 7506) 0.002 29( 1) 
0.00046LX9) 0.001 52(2) 

With these three sources we performed a series of Mossbauer experiments versus the as- 
implanted "KIM absorber at different temperatures from 4 to 200 K (figures 5-7). When 
fitting these spectra with the function defined in equation (loa) we kept the line widths 
and the quadrupole coupling constant the same for all spectra, while the isomer shifts of 
both components were allowed to vary according to the second-order Doppler shift. The 
resulting values for these five parameters are given in table 3 (S, and S, are the values of 
the isomer shifts at 0 K). 
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-2.0 -1.0 0.0 1.0 2.0 
vclociry ["/SI 

0.94 -2.0 -1.0 0.0 1.0 2.0 

velocity [mmls] 

Figure 4. Spectra t&n at 4.2 K of (0)  dly. (6) humid 
and (c )  wet sRbl some versus the 83KrAI absorber 
annealed at 750 K for 2 h. 

P i n  5. Spectra laken al the indicated temperatures 
with the dry s3RbI source versus the as-implanted 
"KrAI absorber. 

f 

velocity [mm/s] 
Figure 6. Spectra taken at the indicated temperatures 
with the humid "Rbl source versus the asimplanted 
83KrAI absorber. 

0.94 - 
-2.0 -1.0 0.0 1.0 2.0 

velocity [mm/s] 
Figure 7. Specira laken at h e  indicated temperatures 
with the wet 83RbI sow versus the as-implanted 
"KrAI absorber. 

The areas of A,, + A ,  = Aw. A, and A, for the three sources as a function of 
temperature are listed in table 4. There exist variations of less than 10% in the overall 
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areas of several runs. This is due to different peak-to-background ratios in the window 
on the 9.4 keV Mossbauer line. If we assume a simple Debye model, the total absorbed 
area Atot can be fitted to obtain the characteristic Debye temperature @E. The areas as 
a function of temperature normalized to 1 are plotted in figure 8(a). The fit to a Debye 
model yields 0; = 101(2) K. As can be seen, although the data points show some scatter 
around the fit to the Debye model, the results of the measurements with three different 
sources yield a consistent picture. Another important check is the relative area of the 
single-line component (at 4.2 K) which should be independent of the shape of the source. 
This relative area tumed out to be 39.6(6)%, 25.4(3)% and 25.2(7)% for the dry, humid 
and wet sources respectively, where the emrs do not take into account the uncertainty in 
the source parameters. The areas of single line A,, and quadrupole component A, as a 
function of temperature normalized to 1 are plotted in figures 8(b) and (c). As can be seen 
from the figure, the temperature dependence of the absorbed areas taken with the dry source 
show a somewhat different behaviour than for the humid and wet sources. Nevertheless 
the temperature dependence of A, can be fitted quite well with a Debye model yielding 
a Debye temperature for the quadrupole component 0s = 98(6) K. The large scalter of 
the data points for the temperature dependence of A,, makes it very difficult to derive a 
Debye temperature of the single-line component. However, there is indication that 0; for 
the bulk "Kr is somewhat lower than for the interface atoms. An individual Debye fit of 
the areas of the single line for dry, humid and wet sources yields 0; = 62(1),  98(7) and 
88(6) K respectively, yielding an average Debye temperature of 0; = 83(6) K .  However, 
an overall fit yields 0; = 95(5) K. We estimate 0; = 90(10) K .  

0.0 - 
0 50 100 150 200 250 

tempentuie [Kl 

Figure 8. Absorbed area of the speclra taken with dry (0). humid (+) and wet (x) luRbl source, 
figures 5,6 and 7 respectively. versus as-implanted 83KrAI as a function of absorber temperature. 
Plotled are the normalized areas of table 4 of the total specmm (U),  quadrupole component 
(6) and single line (c). The data are fitted to a &bye model and yield QE = IOl(2) K, 
(32 = 98(6) K and 0; = 90(10) K respectively. 
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Figure 9. Schemalic drawing of a cuboctahedral RT pcecipilale m e  precipilale is bounded by 
eight(l1l) and six (100) planes. Shown is a cubonahedron with six ( I l l }  planes. CUI off after 
WO 11 11)  planes by a (IW) plane. The Iolai number of atoms is 116. the bulk fraction is 33%. 

4. Discussion 

A simple interpretation of the two components in the analysis of the KrAl absorber already 
put forward in the previous publications on this system [16,17] would be that the single line 
is due to atoms in the bulk of the precipitates. while the quadrupole component is associated 
with atoms on the Kr-AI interface. Various experiments on the depth dependence of the 
quadrupole interaction have shown that a large surface electrical field gradient (EFG) is 
present only for the outermost layer, with atoms in the second layer experiencing an EFG 
of at most 15% of the surface EFG [27,ZS,30]. From the measured quadrupole coupling 
constant, we derive an interface EFG, V,, = +1.7 x IO” V cm-’, which is 30% lower than 
in the original analysis. The sign is in agreement with that for a metal-vacuum interface 
[2&2S]. The value for V,, should be interpreted as an average over various interface 
sites. TEM experiments on Xe precipitates in AI [9] show that the precipitate is bounded 
predominantly by { 1 11 J planes, with contributions also by (1 CO] planes. In addition, there 
will be various edge sites. These will give rise to different quadrupole split components in 
the Massbauer spectrum. Because the spectra do not have sufficient resolution to observe 
these sites directly, their existence is consistent with the relatively large line width rw of 
the quadrupole split component. 

The size of the precipitates can be determined from the relative fraction of the single- 
line component Because of the relatively large errors in the determination of the source 
parameters of the humid and wet sources, we estimate a relative fraction of 30-352. Among 
others, studies on Xe precipitates in AI [9] as well as on inert gases in Cu [25] suggest 
that the Kr precipitates have a cuboctahedral shape, i.e. bounded predominantly by eight 
(1  I I )  planes and six smaller (IOOJ planes (figure 9). If we assume a cuboctahedral shape, 
the bulk fraction for six planes in the [ 1 1  I )  direction is 30%. and for seven planes 37%. 
The size of an octahedral precipitate can be defined as the distance L between two parallel 
interfacial 1 1  11 planes, given by L = a N / J 3 ,  where a is the lattice constant and N the 
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number of (1 11) planes. 'EM shows that the high-dose implantations of Kr in AI at room 
temperature lead to the formation of small solid precipitates epitaxially aligned with the 
AI matrix [5,6,23]. The molar volume derived from the extra Kr reflections is 22.8 an3, 
corresponding to a lattice parameter of Q = 5.330 A. Thus, the relative fraction of the 
single line of 3CL3596 yields a precipitate size of 15-18 A. This is in good agreement with 
the original result and TEM estimates. For a cuboctahedron the size of the precipitates will 
be somewhat smaller. 

The width of the substitutional line rSr = 0.51 1(8) mm s-I is 70% larger than found 
for large Kr precipitates or solid Kr layer (table 1: 0.30(2) mm s-l). The strain distribution 
in the bubbles may cause some line broadening, but it is improbable that this can explain 
the whole effect. However, the second-layer atoms and maybe also part of the interface 
may have a relatively small quadmpole interaction, such that their contribution is contained 
in the broadened single line. Unfortunately, the shape of the spectra does not permit an 
unambiguous fit with a single-line and two quadrupole components. We have to conclude 
that our twocomponent model is probably too simple to describe the physical situation 
precisely. Hence, we have to be careful with the interpretation of the parameters derived 

In the original analysis with an 83RbC1 source the isomer shift of the single line at 
4.2 K shows a gradual decrease from +0.029(5) mm s-' on the as-implanted sample to 
-0.021 (4) mm SKI on the sample annealed at 700 K. The decrease is towards the isomer shift 
of solid Kr, -0.032(2) mm s-' as measured with an 83RbCl source. In the present analysis 
with the 'jRbI sources, the as-implanted sample has an isomer shift of +0.064(2) mm s-', 
while the isomer shift of the sample annealed at 700 K yields -0.040(3) mm s-', which is 
equal to the isomer shifi of solid Kr as measured with 83RbI, -0.041(2) mm s-I. The result 
of the present analysis is more reliable because the quadrupole split nature of the source is 
taken into account. The gradual decrease of 0.104(3) mm s-l upon annealing reflects the 
fact that the s density decreases under decompression. The isomer shifts of 83RbC1 and 83RbI 
versus solid Kr are +0.032(2) mm s-! and +0.040(3) mm s-l respectively. This means 
that the s density at the 'jRb nucleus is greater in the latter salt. Probably the more covalent 
nature of the R M  bonding leads to a somewhat larger number of p holes in the Kr 4s2p6 
shell. The number of p holes h, can be estimated on the basis of a result of Holloway er al 
[I91 obtained by Mossbauer spectroscopy on KrFz and KrFZ.MF5 (M = As,Sb) absorkrs, 
using an 83RbF source. They found a relation between the observed isomer shift and the 
number of p holes: S N 1.45 h,. Using this relation, we derive h, N 0.046(3) and 
O.OSS(4) respectively. The isomer shifts of the various sources versus solid Kr (4.2 K) of 
the as-implanted KrAl sample and the sample annealed at 700 K are summarized in table 5. 

Table 5. Isomer shifts versus solid Kr (42 K) in mm s-'. 

83RbHF3 83RbCl 83Rbl 83KrAI (as-implanted) % r A l  (annealed at 7W K) 

S +0.03(2) +0.032(2) +0.041(2) +0.105(3) +0.001(3) 
A -  - - +0.13(3) -0.03(3) 

Although it tumed out to be difficult to derive an accurate value for the characteristic 
Debye temperatures of single-line and quadrupole components, as was discussed in a 
previous section, there is an indication that C3: is somewhat lower than 02, i.e. 90(10) and 
98(6) K. A somewhat larger characteristic temperature of the interface atoms is consistent 
with the fact that the A1 lattice is much stiffer than the Kr solid. Similar results have 
been obtained from Mossbauer data'on 133Xe in W [29], where the interface characteristic 
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temperature is about 20% larger than the bulk characteristic temperature. However, the 
characteristic temperature of the single-line component is also appreciably larger than the 
value for solid Kr at atmospheric pressure. This reflects the fact that the molar volume 
in the small precipitates is much smaller than for solid Kr at ambient pressure, leading to 
higher phonon frequencies. The molar volume is practically constant during our temperature 
dependent measurements, because the total volume of the precipitate is determined by the AI 
matrix. Consequently, the phonon spectrum does not change as a function of temperature, 
which implies that the effective Debye temperature is temperature independent Indeed, the 
Debye model yields a good fit to the data over the whole temperature range, in contrast to 
the situation for solid Kr at ambient pressure [21]. 

In the Debye model of a solid, the volume dependence of the Debye temperature, defined 
as the Griineisen parameter y .  in general a function of temperature and volume, is given by 

M J W Greuter and L Niesen 

y = -8 In QD/a In V 

or 

(aoD/av), = - Y O ~ / V .  (12) 

Fugate and Swenson [31] have used a reduced equation of state (EOS) for Ne which follows 
from direct C, data and a volume dependence of Qo (effectively y )  to derive a C, (T, p = 0)  
relation which agrees well with direct measurements. This EOS is also consistent with a 
measurement by Anderson et a1 [32] if it is assumed that 

y =constant x V .  (13) 

Holt and Ross [33] found the same linear relation. They calculated the volume dependent 
values for the Griineisen parameter for Ar and Xe for five different models, all of which 
used a similar form for the interatomic potential. 

If y / V  is constant (= yo/Vo), equation (12) has the solution 

where the subscript 0 refers to the values at some reference temperature and pressure. If 
we choose the melting point of Kr at 1 bar for this reference (T, = 116.5 K), we have 
00, = 51.615) K [16,34], V, = 29.88 cm3 mol-' [361 and yo = 2.27 [35]. 

For the as-implanted precipitates we have V = 22.8 om3 mol-', as determined by TEM 
experiments on similar samples L5.6.231. Using equation (14) we derive 00 = 88(1) K, 
which compares well with the direct measurement of 0; for the single-line component, 
0: = W(10) K. We can also apply equation (14) to solid Kr at 1 bar and 0 K, where 
V = 27.10 cm3 mol-' [36]. This yields 00 = &%(I)  K, in perfect agreement with the 
value measured at low T on large Kr precipitates in AI: 63.7(1.0) K [16]. We conclude that 
equation (14), derived for bulk material, gives also an adequate description of the volume 
dependence of the phonon spectrum in the small precipitates. 

5. Conclusion 

Mossbauer spectroscopy on 83Kr is hampered by the fact that no good single-line source 
is available at the moment. However, we have shown that the analytical dwonvolution 
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technique presented here enables us to fit the data for 83KrAl in a consistent way, using a 
twocomponent model. Assuming that the qUadNpOk components results from Kr atoms at 
the interface, we find that the size of the precipitates is 1.5-1.8 nm, in gocd agreement with 
E M .  The analysis shows that interface atoms have a somewhat higher Debye temperature 
than atoms in the bulk of the precipitate. The values for OD can be understood on the basis 
of the volume dependence of the phonon spectrum. The isomer shift of the bulk fraction is 
significantly larger than of a solid Kr layer, reflecting the fact that the s density increases 
under compression. 
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