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Abstract. Mossbauer spectroscopy on the 9.40 keV transition 83Kr is used to obtain information
about solid Kr precipitates in Al Three different #*RbI sources differing in waler content were
used, which, when measured against a solid Kr absorber, show a quadrupole component i
addition to a dominating single line. An analytical deconvolution technique is presented which
takes care of the source characteristics. The spectra of Kr bubbles in Al obtained by high-
dose implantation show two components: a single line from Kr atoms inside the bubble and a
quadrupole split component from Kr at the Kr—Al interface. Spectra were taken as a function
of temperature. The total absorption area could be fitted very well assuming a simple Debye
model, yielding a Debye temperature of @ = 101(2) K. A decomposition of the total area in

the areas of quadrupole and single-line components yields Debye temperatures of Gg =936 K
and B, = 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 [3-15]. 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 smalil
assemblies of particles, a model system for precipitation under ion bombardment and a
useful miniature high-pressure laboratory.

Massbauer spectroscopy on the 9.4 keV transition in #Kr 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 spectrum. In particular, the contribution of
buik 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 Méssbauer
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 Méssbauer transition in ¥3Kr, 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. The most suitable parent isotope is ¥*Rb (86 d),
but the preparation of a single-line **Rb source turns out to be a difficult problem.

Measurements with an #RbCl source on an 33KrAl absorber have already been published
[16,17]. 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-Al interface). It was assumed that the electrical field
gradient V,, is axially symmetric. Consequently the 7/2% to 9/2% transition in the
Missbauer nucleus gives rise to 11 lines in the quadrupole split component. The quadrupole
moment Q for the ground state is +0.0260(7) bam {18] while the ratio of quadrupole
moments for excited and ground states is given by Q,/Qr = 1.958(2) {19]. Thus three
position parameters where necessary to fit the whole spectrum, the isomer shifts of both
components and the quadrupole coupling A = eQ@V,,. The result for the single line was
§ = +0.029(5) mm s~!, while for the other component S = +4-0.017(7) mm s~! and
A = +1.83(6) mm s~!. There was no indication for the presence of a single line with
S = 4-0.68(3) mm s~! that was ascribed earlier to substitutional 3¥Rb atoms in Al [20].

Spectra obtained at 4.2 K after vacuum anpealing 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 3*RbCl
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 1(z) shows the spectrum taken on 3°RbC) versus solid
Kr, while (b) shows the spectrum taken on ¥RbCI versus the 3*KrAl 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.

relative transmission

=20 ~l10 0.0 1.0 2.0

velocity [mm/s]

Figure 1. Spectra taken at 4.2 K of (a) 33RbC] versus solid Kr, (#) BRbCI versus PKrAl
annealed at 750 K for 2 b, (¢) ¥ RbI versus solid Kr and (d) dehydrated S*RbI versus solid Kr.

In order to obtain a single-line source we made 3*RbHF,, 3*RbCl and $*RbI sources,
which were measured versus solid Kr and the #*KrAl absorber. Whereas the spectra taken
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Figure 2. Diagram of the 7/2* to 9/2% transition in %Kr. The (op pat shows the splittings of
the ground and excited states due to an electrical field gradient V;; and the 11 transitions. The
bottom part shows the relative intensities of these transitions and their energies with respect to
an unsplit transition, in units of e Q V.

with the ®*RbHF, source show very broad lines, the ®*RblI spectra are narrower than those
of ¥RbC! (figure 1{c)). As a next step we dehydrated the °RbI source at 100°C for hatf
an hour under H, flow, which narrows the line even more and decreases the intensity of
the quadrupole split component (figure [{d)). Apart from the distortion of cubic symmetry
by hydration, electronic after-effects in the decay from #Rb to *3Kr may also be partially
responsibie for the quadrupole component. After-effects 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 Rbl 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 spectrum then consists of four contributions: the source
single line convoluted with the absorber single line (ss), the source quadrupole component
convoluted with the absarber singie line (qs), the source single line convoluted with the
absorber quadrupole component (sq) and the source quadrupole component convoluted with
the absorber quadrupole component (qq). In the following we will derive expressions of
these four contributions.

2. Mdssbauer spectra for quadrupole split source and abserber

If @ Mossbauner 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,, = 8°V/3z%. The
interaction with the nuclear quadrupole moment @ gives rise to an electrical quadrupole
interaction which, within the nuclear manifold with spin f, can be expressed as

Hy=eQV,[312 — I + 1) +nU2 - D1/41QI - 1) (1)
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with n, the asymmetry parameter, defined as
n = (Vy — yy)/vzz- (2)

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

Egn =e0V,[3m? - I{I + D)4 - D 3)

where m = =1, ..., 1. The transition energies between excited and ground state are given
by

AE = Ep, — Ep, = eQVy,([—3m? + L(Ic + D)/45 (21 — 1)
+ Ro3m? — L(E + DY/a5(21, — 1)} 4

where Rp = Q;/0r and i and f refer to initial and final states respectively (figure 2). The
Massbauer transition of **Kr has a magpetic dipole (M1) character with a small electric
quadrupole (E2) admixture {21]. Making the approximation of pure 2-pole radiation, the
intensity [ of the emitted radiation between |f, m;) and (I, ms) is proportional to the
following [22]

2
Ia(’f LA )r.:,(ﬁ). )

m om —m

The absorption probability X between the absorber eigenstates |/, m{} and |I{, my) is
proportionat to the following:

e X P K 21:”9(:0526?=I'<:0526 (6)
m om m) wPes 6=

where I/ = Iy and J{ = I. In the absence of any preferential orientation in source and
absorber, the Mossbauer pattern for thin absorbers is given by

ffflij:fffn’coszEdqbdﬁdﬁ’ (N

where cos? @ and 7 are functions of the transitions m and m’ and the Euler angles o, o,
B and B8'(¢ = @ — &) in source and absorber respectively (figure 3). The integral can be
evaluated analytically and equation (7) reduces to

AT

in m=0 m =0
fffm:n’ 2x3 m=0  m=I (8)
(1 + ) m=1 m=1.

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

AE = AE, - AE,. %)
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The transition energies AE in source 'and absorber are defined in equation (4). .
To fit a Missbauer spectra where both source and absorber consist of a single line and
an axial quadrupole component, 15 parameters are necessary:

background - B (i
single line—single line Ags Ses | (ii-v)
quadrupole—single line Ags Sas Ag Fgs  (v—viii)
single line—quadrupole Agg Ssq Ay Isq (ix—xii}
quadrupole—quadrupole A4 S5 (Agdsy) T (xiii-xv)

where B, A, §, A and T 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 source 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:

€ = (8¢5 — Sss)x = (Aqs/Ass)x
03 = (Ag)x ¢4 = (Tgs — Fedx

which gives

Ag = A2 Sqs = Sss + €1 Agp =203 Tgs =T+ ¢4

Age = A2 Sy=Sqg+ta Igq = [yt ¢4
So the 15-parameter model can be reduced to an eight-parameter model, similar to the case
of a single-line source: B, Ay, S, U'ss, Asqs Ssgs Asq and T'yg labelled a; to as.

If we also ailow for a second-order Doppler shift in the single-line and quadrupole split
components, S3(7") and S¢(T) respectively, then the fitting function F is defined as follows:

F(u,T) =ay {1~ Q/m)[Fss(v, T) + Fe(v, T) + Fq(v, T) + Foqv, T} (10a)
Fa(@.T) = (@/as) {las + ST) o + @2} oy
1 :
a I
Fplv, T) =
win )= &t Ca :=Zn (a3 + S3(T) + €1 — &3E; — )% + [as + ) /212 (10c)
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Fa(, T) = — ; PO S i py (10d)
a 1 Iy

Footv, T) =2 Z .

as + ¢4 £ (ag + Se(T) + €1 — c3E; + a7 Ey — v)? + [(ag +c4) /22

ij=1
where the isomer shifts a3 and g are defined as Sg(0 K) and S4(0 K) respectively, and the
transition energies E; are defined as A E in equation (4).

In order to fit the measured spectra a dedicated computer program was written. The
program is able to fit a series of measured spectra to the described model by the fitting
algorithm of Marquardt {24). 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 x2. Second-order Doppler
shifts are included as predicted by the Debye model.

3. Experimental results

$Kr was implanted at room temperature in Al foils of 1.3 um thickness at an energy
of 110 keV to a total dose of 1.7 x 10!® Kr em™?, corresponding to 2 maximum atomic
concentration of ~ 4 at.%. Transmission electron microscopy (TEM) experiments show that
under these conditions small solid precipitates are formed, which are epitaxial with the Al
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 10'® cm™ was made, corresponding to a
Mossbauer thickness of 1 = 1.5 at 4.2 K.

Table 1. Source parameters, in mm s~ %,

Source Aqs/ Ass qu Sss Aqs rqs Fss
Dry 0.44(5) -0.04(2) —0.040(3) 2.1{4} 0.71(%) 0.30(2)
Humid ~ 0.6(1)  — — 196 — _
Wet 1.32(5) — — —1.3(% —_ —

As a source we used 0.5 mCi of *RbI, produced via the ®*Rb(p,3n)**Sr reaction. A
target of 750 mg cm™? natural RbCl was irradiated with 45 MeV protons to a total dose of
60 wA h, using the KVI cyclotron in Groningen. The resulting %3Sr activity was chemically
separated and allowed to decay to ¥3Rb (86 d), after which a thin #RbI source was made.
Mbssbauer 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~2 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 measured the Rbl
source versus the $*KrAl absorber which was annealed at 750 K for 2 h. The Mossbauer
experiments were done with three 3*RbI sources. During the course of the experiments it
became clear that a dry #Rbl source is hydrated within a minute in air at room 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 #3Rbl sources, which consequendy 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 turns out that we can obtain satisfactory fits by keeping the linewidths and
isomer shifts the same in al} three measuremenis. We see that the ratio of the area of the
quadrupole split component to the area of the single-line component of the ®3RbI source
shows an increase, while the gquadrupole 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 33Rb ions in the rock salt structure of the source, cansed
by the introduction of water molecules. We will not comment on these values but only use
them to obtain the parameters c;—c4. These are listed in table 2.

Table 2. Source specification.

Source cr €2 c3 €4
Dry 0.00(2) 0.44(5) 2.1{4) 0.41(%)
Humid —_ 0.6(1) 1.9(6) —_
Wet — 1.3%5) -139 _—

Table 3. Optimized absorber parameters, in mm s,

S, Ag T,
S 0.064(2) 2 — 0.511(8)
0 01062 1339  0.591(6)

Table 4. Total absorbed area of both components.

Source TE)  Ag Ass Agq
Dry (0) 42 0.00340(2)  0.00135(1) 0.00205(2)
20 0.00333(4)  0.001212) 0.00212(3)
40 0.00294(4)  0.00105(2) 0.001 89(3)
60 000306(4)  0.00083(2)  0.00223(3)
Humid (+) 4 0.00314(4)  0.000792)  0.00235(3)
100 0.002322)  0.00065(1)  0.00167(2)
150 0.00187(2)  0.00055(1) 0.00132(2)
200 0.00159(2)  0.00036(1)  0.00123(2)
Wet (x) 4 000377(2)  0.000959(8)  0.00281(2)
80 0.003041)  0.000750(6)  0.00229(1)
150 0.00198(2)  0.000460(9)  0.00152(2)

With these three sources we performed a series of Mssbauer experiments versus the as-
implanted **KrAl absorber at different temperatures from 4 to 200 K (figures 5-7). When
fitting these spectra with the function defined in equation (10a) 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 (Sg and Sy, are the values of
the isomer shifts at 0 K).
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Figure 4. Spectra taken at 4.2 K of (@) dry, (&) humid
and {c) wet ™Rbl source versus the #KrAl absorber
annealed at 750 K for 2 h.
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Figure 6. Spectra taken at the indicated temperatures
with the humid **Rbl source versus the as-implanted
B3KrAl absarber.
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Figure 5. Specira taken at the indicated temperatures
with the dry ®*Rbl source versus the as-implanted
83KrAl absorber.
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Figure 7. Specira taken at the indicated temperatures
with the wet 33Rbi sowrce versus the as-implanted
8KrAl absorber.

The areas of Ay + Asg = Awt, A and Ag 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 duve 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 Ay can be fitted to obtain the characteristic Debye temperature ®F. The areas as
a function of temperature normalized to 1 are piotted in figure 8(a). The fit to a Debye
model yields ®] = 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 turmned out to be 39.6(6)%, 23.4(3)% and 25.2(7)% for the dry, humid
and wet sources respectively, where the errors do not take into account the uncertainty in
the source parameters. The areas of single line A;; and quadrupole component Ay as a
functior of temperature normalized to 1 are plotted in figures 8(5) 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 Ag; can be fitted quite well with a Debye modei yielding
a Debye temperature for the guadrupole component @8 = 98(6) K. The large scatter of
the data points for the temperature dependence of Ag; makes it very difficult to derive a
Debye temperature of the single-line component. However, there is indication that @5, for
the bulk 33Kr 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 @3 = 62(1), 98(7) and
88(6) K respectively, yielding an average Debye temperature of ©3 = 83(6) K. However,
an overall fit yields ®F = 95(5) K. We estimate @3 = 90(10) K.

L0 @

05 F : x

0.0

absorped ares [mmys]

1.0
0.5

0.0
1.0

0.3

0.0

)]

|

1

(c)

1
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Figure 8. Absorbed area of the spectra taken with dry (O), humid (+) and wet {x} $3RbI source,
figures 5, 6 and 7 respectively, versus as-implanted 32KrAl as a function of absorber lemperature.
Plofted are the normalized areas of table 4 of the total spectrum (@), quadrupole componest
(b) and single line (c). The data are fitted to a Debye model and yield ®F = 101(2) K,

©F = 98(6) K and ©F = 90(10) K respectively.
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Figure 9. Schematic drawing of a cuboctzhedral FCC precipitate. The precipitate is bounded by
eight{111} and six {100} planes. Shown is a cuboctahedron with six (111} planes, cut off after
two {111} planes by a {100} plane, The total 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—Al 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 [27,28,30]. From the measured quadrupole coupling
constant, we derive an interface EFG, V,, = +1.7 x 107 V cm™2, which is 30% lower than
in the originat analysis. The sign is in agreement with that for a metal-vacuum interface
[26-28]. The value for V;; should be interpreted as an average over various interface
sites. TEM experiments on Xe precipitates in Al [9] show that the precipitate is bounded
predominantly by {111} planes, with contributions also by {100} planes. In addition, there
will be various edge sites. These will give rise to different quadrupole split components in
the Mdssbauer spectrum. Because the spectra do not have sufficient resolution to observe
these sites directly, their existence is consistent with the relatively large line width gy 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 30-35%. Among
others, studies on Xe precipitates in A] [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
{111} planes and six smaller {100} planes (figure 9). If we assume a cuboctahedral shape,
the bulk fraction for six planes in the {111} 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 {111} planes, given by L = aN/./3, where a is the lattice constant and N the
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number of {111} planes. TEM shows that the high-dose impiantations of Kr in Al at room
temperature lead to the formation of small solid precipitates epitaxially aligned with the
Al matrix [5,6,23]. The molar volume derived from the extra Kr reflections is 22.8 cm’,
corresponding to a lattice parameter of @ = 5.330 A. Thus, the relative fraction of the
single line of 30-35% 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 I'g = 0.511(8) mm s~} is 70% larger than found
for large Kr precipitates or solid Kr layer (table 1: 0.30(2} mm s~!), 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 quadrupole 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 two-component 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 ®3RbCl source the isomer shift of the single line at
4.2 X shows a gradual decrease from 40.029(5) mm s~! on the as-implanted sample to
—0.021(4) mm s~" 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 B3RbCl source, In the present analysis
with the *3Rbl 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 shift of solid Kr as measured with ¥*RbI, —0.041(2) mm s~!. 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~ upon annealing reflects the
fact that the s density decreases under decompression. The isomer shifts of ®RbCl and #*Rbl
versus solid Kr are +0.032(2) mm s~} and +0.040(3) mm s~! respectively. This means
that the s density at the $°Rb nucleus is greater in the latter salt, Probably the more covalent
nature of the Rb—I bonding leads to a somewhat larger number of p holes in the Kr 4s%p®
shell. The number of p holes 4, can be estimated on the basis of a result of Holloway et af
(19] obtained by Mossbauer spectroscopy on KrFs and KrF;-MFs (M = As,Sb) absorbers,
using an 33RbF source. They found a relation between the observed isomer shift and the
number of p holes: § =~ 1.45 hp. Using this relation, we derive i, = 0.046(3) and
0.058(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 (4.2 K) in mm s~1;

BIRbHF;  BRbOI E3RbI 83KrAl (as-implanted)  KrAl (annealed at 700 K)
s +003(2) 400322}  +0041(2)  +0.105¢3) +0.001(3)
A — — — +0.13(3) —0.033)

Although it turned 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 @SD is somewhat lower than @3, i.e. 90(10) and
98(6) K. A somewhat iarger characteristic temperature of the interface atoms is consistent
with the fact that the Al lattice is much stiffer than the Kr solid. Similar results have
been obtained from Mdssbauer data 'on 13*Xe 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 Al
matrix. Consequently, the phonon specirum 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 t0
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

y=—0lnOp/olnV (11}
or
(80p/0V)r = —yBp/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 G (effectively y) to derivea Cp (T, p = 0)
relation which agrees well with direct measurements. This EOS is also consistent with a
measurement by Anderson et af [32] if it is assumed that

¥ = 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 ¢/ V is constant (= yp/ Vy), equation (12) has the solution
®p = Op, explyo(l — V/Vo)i (14)

where the subscript { 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
Op, = 51.6(5) K [16,34], V5 = 29.88 cm® mol~! [36] and ¥ = 2.27 [35].

For the as-implanted precipitates we have V = 22.8 cm?® mol™!, as determined by TEM
experiments on similar samples [5,6,23]. Using equation {14) we derive ®p = 28(1) K,
which compares well with the direct measurement of @ for the single-line component,
®F = 90(10) K. We can also apply equation (14) to solid Kr at 1 bar and 0 K, where
V = 27.10 cm? mol™! [36]. This yields O = 64(1) K, in perfect agreement with the
value measured at low T on large Kr precipitates in Al: 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

Missbauer spectroscopy on ®Kr is hampered by the fact that no good single-line source
is available at the moment. However, we have shown that the analytical deconvolution
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technique presented here enables us to fit the data for ¥¥KrAl in a consistent way, using a
two-component model. Assuming that the quadrupole components results from Kr atoms at
the interface, we find that the size of the precipitates is 1.5~1.8 nm, in good agreement with
TEM. The analysis shows that interface atoms have a somewhat higher Debye temperature
than atoms in the bulk of the precipitate. The values for @p 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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