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LETTER TO THE EDITOR

Solid Kr bubbles in aluminium observed by *Kr
Moéssbauer spectroscopy

G L Zhangt and L Niesen

Laboratorium voor Algemene Natuurkunde, Materials Science Centre, Westersingel 34,
9718 CM Groningen, The Netherlands ‘

Received 11 November 1988

Abstract. We have used Mossbauer spectroscopy on the 9.40 ke'V transition in ®¥Kr for the
first time, in order to investigate the hyperfine interaction and lattice dynamics of Kr bubbles
in Al. The spectra show two components: a single line from Kr atoms inside the bubble and
a quadrupole component from Kr at the Kr-Al interface. The precipitates grow from 1.5 nm
after implantation to 3.7 nm after 700 K annealing, while the characteristic Méssbauer
temperature gradually decreases from 89 K to 64 K. At the same time a decrease in the
isomer shift is observed. Both phenomena reflect the increase in atomic volume in the Kr
bubbles during annealing. Our experiments do not show melting in the temperature range
0-230K.

Interest in the precipitation of noble gases in metals has been stimulated by the obser-
vation of small bubbles containing noble gas atoms in the solid phase at room tempera-
ture, with corresponding pressures up to several GPa [1,2]. Transmission electron
microscopy (TEM) shows that high dose implantations of Kr in Al at room temperature
lead to the formation of small solid precipitates epitaxially aligned with the Al matrix
[3-5]. The molar volume found from the extra Kr reflections is 22.8 cm?, i.e. 15% lower
than the molar volume at 0 K and 1 bar. This corresponds to a pressure of 2.1 GPa at
300 K [6]. The corresponding melting temperature [7] is far above room temperature.

Mossbauer spectroscopy on the 9.40keV transition in ®Kr is a very interesting
method for the study of these highly compressed precipitates. Different environments
of the Kr atoms give rise to clearly different components in the spectrum. In particular,
the contribution of bulk and interface atoms can be easily separated. From the relative
intensities the size of the bubbles can be inferred. Moreover, the lattice dynamics
can be studied directly by measuring the Debye-Waller factor (DWF) 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.
In this way a consistent picture of the behaviour of the Kr bubbles on annealing can be
obtained.

8Kr bubbles in Al were produced by ion implantation at room temperature. Al foils
of thickness 1.3 um, produced by fast evaporation, were implanted with #Kr ions with
an energy of 110 keV to a total dose of 1.7 x 10' Kr cm™2. This corresponds to a local
concentration of 4% in the peak of the distribution. The dose rate was =
t On leave from Shanghai Institute of Nuclear Research, Shanghai, People’s Republic of China.
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Figure 1. Mdssbauer spectra taken at 4.2 K on an absorber of ¥*Kr implanted in Al. Dose
1.7 x 10" Kr cm™?, implantation energy 110 ke V. Spectra were taken directly after implan-
tation (a) and after annealing for 20 min at (b) 533 K, (¢) 603 K and (d) 700 K.

5 % 10" Kr cm™%s. A total area of 70 cm? was implanted at both sides, from which an
absorber with 1.5 x 10'® Kr cm™2 was made. Assuming natural width of the absorber
(0.20 mm s™1), this corresponds to a Mossbauer thickness ¢ = 1.5at4.2 K. However, the
real absorber linewidth corrected for thickness effects was estimated to be two to three
times larger. Consequently the area under the Mdssbauer line will be proportional to
the recoilless fraction of both source and absorber (thin absorber approximation).

As a source we used 0.5 mCi of ¥RbCl, produced via the ¥*Rb(p, 3n)¥*Sr reaction.
A target of 750 mg cm ™2 natural RbCo; was irradiated with 40 MeV protons to a total
dose of 60 uA h, using the KVI cyclotron in Groningen. The resulting #Sr activity was
chemically separated and allowed to decay to ¥Rb (86 d), after which a thin ¥RbCl
source was made. Mossbauer spectroscopy was performed in transmission geometry,
using a Si(Li) detector. During the measurements the source was always kept at 4.2 K,
while the absorber temperature could be varied from 4.2 to 230 K. In addition measure-
ments were performed at 4.2 K on a 2.4 mg cm ™2 solid Kr layer adsorbed on the outer
side of the Be window of the liquid helium cryostat.

The Mossbauer spectrum obtained on the as-implanted sampie is displayed in figure
1(a). Itis fitted with two components: a single line and a component split by quadrupole
interaction. The latter component consists of 11 lines, the relative positions of which
were calculated using Q*/Q = 1.958 [8]. It was assumed that the electric field gradient
V.. 1s axially symmetric. Consequently three position parameters are necessary to fit the
whole spectrum, the isomer shifts of both components and the quadrupole coupling A =
eQV,,. For the single line we obtained S = +0.029(5) mm ™!, while for the other
component we found S = +0.017(7) mm s~ and A = +1.83(6) mm s~ L.
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Figure 2. The behaviour of various parameters as a function of annealing temperature.
(@) Characteristic Debye temperature: (b) isomer shift relative to ®RbCl; (¢) quadrupole
splitting A = eQV;; (d) relative fraction of single line; (€) ®*Kr content derived from total
absorption area, normalised to value after implantation.

Some spectra obtained at 4.2 K after vacuum annealing for 20 min at various tem-
peratures are displayed in figure 1. The linewidths did not change significantly on
annealing and thereafter were kept constant at their average values 0.49(5) mm s™!
(single line) and 0.69(9) mm s™* (quadrupole component).

The interpretation of the two components in the spectrum is straightforward. The
single line is associated with atoms in the bulk of the solid precipitates, while the
quadrupole component originates from atoms at the Kr—Al interface. There is no
indication of the presence of a single line with § = +0.68(3) mm s~! that was ascribed to
substitutional 3*Rb(Kr) atoms in Al [19]. It is well known that the EFG of atoms in the
neighbourhood of a metal surface decreases from a high value at the outermost layer to
nearly the bulk value in the next layer [9, 10]. Therefore we can estimate the size of the
precipitatesfrom the ratio of the areas of the two components (any difference in recoilless
fractionisnegligible at4.2 K). Figure 2(d) displays thisratio as afunction of the annealing
temperature 7. On the right-hand side the corresponding sizes are indicated. These
values are calculated assuming cubic shapes with the Kr—Al interface in (100) planes.
Such an orientation is suggested by the work on '"In in Al co-implanted with noble gases
[11, 12]. For other shapes or orientation of interfaces the resulting sizes will be slightly
different, but the overall trend is the same: after implantation the bubbles are small
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(=1.5 nm), while on annealing they gradually grow to 3.7 nm at T, = 700 K. This is in
good agreement with the TEM observations [3-5] and gives additional support to our
interpretation of the two components in the Mdssbauer spectra. Using the density found
in TEM experiments, a precipitate of 1.5 nm size would contain about 100 atoms. The
pressure corresponding to this density is 1.1 GPa at 4.2 K [13], increasing to 2.1 GPa at
room temperature [6].

Using eQV,, = +1.9 mms™! we derive V,, = +2.4 X 10 V cm™? for the interface
EFG. The sign is in agreement with that for a metal-vacuum interface [14]. The value for
V.,shouldbeinterpreted asanaverage over terrace sites and variousedge sites. Although
the spectra have insufficient resolution to observe these sites directly, their existence is
consistent with the relatively large linewidth of the quadrupole component.

Spectra were taken as a function of temperature after implantation and after each
annealing step. No systematic changes in the intensity ratio of the single line to quad-
rupole component were found, indicating that the recoilless fraction of both components
was nearly the same. The total absorption area as a function of T'is shown in figure 3 for
various annealing temperatures. Except for the measurements at the highest annealing
temperature all data could be fitted very well assuming a simple Debye model. The
resulting characteristic temperatures 0 are displayed as a function of T in figure 2(a).
A large decrease is observed from 89(2) K after implantation to 63.7(1.0) K after T, =
648 K. The last value is close to the value 61(2) K we measured from the absorption
area of a solid Kr layer at 4.2 K and also in agreement with an earlier evaluation of low-
pressure recoilless fraction data on solid Kr [15]. Essentially the same value, 6 =
64.4(2.2) K, isobtained from the three lowest points (7' < 60 K) after annealingat 700 K.
In contrast, in this case the region 60 < T < 230 K could be fitted quite well with a much
lower value: 8 = 51.6(5) K; see figure 3. This is practically the value of 8 at the melting
point at ambient pressure derived from a thermodynamic analysis [16].

In all cases the area showed a smooth dependence on 7 up to the highest
temperatures. In particular, no drop is observed at 115.4 K, the melting temperature of
Kr at 1 bar. We derive from the data that at least 90% of the Kr atoms remain in the
solid phase up to 230 K, even after annealing for 20 min at 700 K. This behaviour is not
surprising in view of the average size of the Kr precipitates after annealing (=3.7 nm)
and is in agreement with the electron diffraction data of Bircher and Jager for approxi-
mately the same dose [4]. A different behaviour was found in x-ray diffraction experi-
ments on Kr-implanted Al[17]. In this case annealing at 620 K leads to melting at 116 K
oflarge bubbles (size =9 nm) containing most of the Kratoms. The creation of these large
bubbles may be associated with the different implantation conditions (dualimplantation,
larger dose) and the much longer anneal time [18].

In figure 2(b) the isomer shift of the single line at 4.2 K is plotted as a function of 7.
A gradual decrease of 0.061(6) mm s ™! is observed in the measured value of the isomer
shift for solid Kr: § = —0.032(2) mms~!. Using the known value of A{?) for this
transition [19], this corresponds to .a decrease in the electron density at the nucleus of
0.51(9) a;>. The isomer shift of the quadrupole component showed the same trend,
although with larger errors.

The behaviour of the quadruple interaction constant is displayed in figure 2(c). It
shows a slight tendency to increase as a function of T, possibly because during bubble
growth the number of regular terrace sites will increase relative to the number of edge
sites.

Finally figure 2(e) shows the relative Kr content derived from the total area at4.2 K
and corrected for small changes of the recoilless fraction at 4.2 K. A clear loss of Kr
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Figure 3. Total absorption area of Mdssbauer spectra plotted against measuring temperature

T, after implantation (X) and after annealing at 648 K and 700 K (@®). Curves A, 8 =
89.1(19) K; B, 6 = 64.4(22) K; C, 8 = 51.6(5) K.

atoms due to out-diffusion during annealing can be observed, but the effect remains
rather smallup to 7, = 700 K.

The behaviour of the various Mdssbauer parameters on annealing can be understood
on the basis of two phenomena: the size of the precipitates increases and the density in
the precipitates decreases. Unlike in the TEM experiments, distinct irreversible changes
are observed already after annealing at 553 K, which is 59% of the melting temperature
of Al. Atacomparable Kr dose the TEM experiments observe melting of the precipitates
around 620 K, i.e. 66% of the melting temperature T,,. The situation is quite different
from that in the Fcc metals Cu and Niwhere melting [20] and a decrease of the Kr density
[21]is observed around 40% of the melting point of the host metal. In our case the first
stage of bubble growth is probably governed by trapping of thermally created vacancies.
This mechanism should become operative around 0.5 T, i.e. 470 K for Al. In this way
the internal pressure in the bubble can reach equilibrium with the surface tension in the
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Table 1. Parameters of Mdssbauer spectra taken at 4.2 K on a sample of ®¥Kr in Al. S, and
S, are the isomer shift of the single line and quadrupole component respectively. A, is the
quadrupole coupling constant,

T, S, s, A,

(K) (mms™Y) (mms™) (mms™1)
293 0.029(5) 0.017(7) 1.83(6)
553 0.014(3) ~0.06(1) 1.94(8)
573 0.008(3) ~0.06(1) 1.90(9)
603 0.006(5) ~0.04(2) 2.21(17)
628 ~0.13(5) ~0.06(1) 1.94(14)
648 ~0.018(5) ~0.04(2) 2.05(16)
700 ~0.021(4) ~0.07(3) 2.27(19)

Al interface. For a spherical bubble this would mean: p = 2y/r, where v is the surface
energy density (=1 N m™! for Al) and r the bubble radius. Apart from the numerical
constant this equation also holds for other shapes. Combination with the EOs of Kr [6]
leads to the conclusion that in this mechanical equilibrium regime an increase in the
temperature leads to an expansion of the bubble and a corresponding slight decrease of
the bubble pressure. This is a reversible process as long as the total number of Kr atoms
in the bubble remains constant. However, at the same time bubbles will grow by
agglomeration of Kr atoms. The corresponding increase in size leads to a lower equi-
librium pressure and density in the bubble.

Cooling after annealing then leads first to a small increase in pressure, down to the
temperature where individual vacancies can no longer escape from the precipitate.
Below this vacancy freezing temperature Ty, the density in the bubble is constant, apart
from a small effect from the host lattice. Our recoilless fraction measurements are
performed in this regime. This explains why the Debye model yields such a good
description of these measurements: at constant molar volume the phonon spectrum will
change only slightly with increasing temperature and the characteristic temperatures of
the phonon spectrum, 8(n) = (A/kg)[(n + 3)u(n)/3}/" with u(n) = [ w'g(w) dw, will
stay practically constant. The recoilless fraction is determined by 8(—1) at low T and by
8(=2) for T = 6(—2). The success of the Debye model in this case implies that 6(—1) =
6(—2).

The dependence of 6 on the molar volume V, is given by 6 = V7 where v is the
Griineisen constant. Combining our data on 8 with the TEMdataon V,we gety = 1.9(2).
This value is somewhat lower than derived from MD calculations using a 12/6 Lennard-
Jones potential [22]. Similar calculations using the accurate BWF Kr potential [23] would
be highly desirable.

Only after annealing at 700 K does the recoilless fraction not fit the Debye model.
The reason may be that after this anneal the molar volume at Ty is higher than 27.1 cm?,
the value for solid Kr at 1 bar. In that case the Kr precipitate can freely expand up to
=60 K, above which the volume is limited again by the nearly constant volume of the Al
cavity, leading to a constant, but lower, value of 8.

For the case of Kr the Lindemann criterion for melting can be written as (DY =
0.115R where (x?}{ is the RMs amplitude of the Kr atoms and Ryy = 0.412 nmis the
nearestneighbour distance, both taken at the melting point 7, [16]. For the as-implanted
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sample we obtain 7}, = 680 K by extrapolation of our recoilless fraction data. In practice
the start of the melting of bubbles is observed by TEM at a somewhat lower temperature
(620 K), because some bubble growth and decrease of Kr density takes place already
before the melting point is reached. The Lindemann criterion combined with our data
predicts that after annealing at 700 K melting starts at =230K, i.e. at the highest
measurement temperature. This is still twice the melting temperature at ambient
pressure. We conclude that this criterion, which works well in the case of bulk rare gases,
yields estimates consistent with the experimental data.

In conclusion, we have shown by #¥*Kr Méssbauer spectroscopy that after implan-
tation of =4% Kr in Al the large majority of the Kr atoms are aggregated in bubbles
with an average size of 1.5 nm. The recoilless fraction of the Kr atoms can be described
very well with a Debye model. On annealing, the size of the bubbles increases gradually,
with an accompanying increase in the molar volume. No melting is observed up to 230 K,
even after annealing at 700 K.
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