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Pressure of Neon, Argon, and Xenon Bubbles in Aluminum
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Neon, argon, and xenon bubbles in aluminum have been investigated by means of
electron-energy-loss spectroscopy and transmission electron microscopy. The density and
pressure in the bubbles were determined from the pressure shift of the 'So-'Pl transition of
the rare gases as well as from analysis of electron-diffraction patterns. The experiments yield
overpressurized bubbles, containing liquid Ne and solid Ar and Xe at room temperature. In
the case of Xe, epitaxial growth of the rare gas in the Al matrix was observed.

PACS numbers: 61.80.Jh, 61.14.Fe, 62.50.+p, 71.45.6m

Rare gases in metals produced by nuclear reaction
or by ion implantation are essentially insoluble' and
hence tend to precipitate and to form bubbles. The
pressure in'the bubbles yields information on their
energetics and formation kinetics. Investigations
carried out previously on He bubbles by different
authors yielded pressure values which were not in
agreement. Several techniques, such as vacuum-
ultraviolet absorption spectroscopy or energy-loss
spectroscopy (ELS)2 6 have been used to study the
pressure shift of the He 1'S0-2'P1 transition. From
these investigations the existence of bubbles over-
pressurized with respect to the thermal equilibrium
value, where the pressure is balanced by the surface
tension, was deduced. Similar results were obtained
from small-angle x-ray scattering measurements.
On the other hand, recent calculations of the pro-
portionality constant relating the density and the
pressure shift of the He 1'So-2'P~ transition yield
pressures near the thermal equilibrium value. '
Thus the existence of overpressurized bubbles is
still highly controversial, although they had been
predicted theoretically in 1959." In order to clarify
this question and because up to now only scarce in-
formation about non-He rare-gas bubbles in metals
has been obtained, an ELS investigation of Ne, Ar,
and Xe bubbles in aluminum was started. From the
blue shift of the valence electron excitation ('So-
tPt) in Ne and Ar the pressures in the bubbles
were derived. Valence electron excitation in xenon
is coupled with the bubble surface plasmon,
preventing an analogous derivation. In addition,
contributions from the rare gases were observed in
the elastic diffraction patterns taken with an ELS
spectrometer as well as with an electron micro-
scope. In the case of solid rare gas in the bubbles,

these contributions can be interpreted as Bragg re-
flexes. Lattice constants and thus densities and
pressures can be derived.

Epitaxially grown aluminum films with a grain
size of about 2000 A. and with a thickness of almost
1000 A were produced by evaporation of Al on a
NaCl(100) surface. A homogeneous distribution of
the rare-gas atoms in the Al host matrix was real-
ized by implanting at room temperature with dif-
ferent energies and doses. The total amount of im-
planted Ne, Ar, and Xe was in all cases 3 at.%. In
the case of Ar and Xe, the trapped amount was
determined by Rutherford backscattering measure-
ments to be 2.0 and 2.2%, respectively. Transmis-
sion ELS measurements at room temperature were
performed with a high-resolution 170-keV spec-
trometer. The energy and momentum resolutions
were 0.14 eV and 0.04 A ', respectively.
Transmission electron microscope (TEM) studies
of the bubble radii, given in Table I, and their dis-
tributions were performed in a Philips EM 400 T
micr oscope.

Figure 1 shows the energy-loss spectra of the
AlNe, AlAr, and AlXe samples in the energy re-
gion from 0 to 20 eV. Loss maxima at 15 and 6.8
eV can be ascribed to the Al volume and surface
plasmons. ' In the A l Ne spectrum a further
plasmon occurring at 11.7 eV originates from the
electron oscillations on the bubble surfaces. ' The
features at 18.3 eV correspond to the 'So-'P& transi-
tion of the 2p electron of neon' ' which is blue
shifted by an amount of 1.4 eV compared to its
atomic value. The argon bubble surface plasmon is
located at 10.2 eV as a consequence of the greater
dielectric constant of argon in comparison with
neon. ' The 'So-'P& transition occurs at 12.8 cV,
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TABLE I. Radii, densities, and pressures of rare-gas
bubbles in Al and pressure for liquid-solid transition of
the rare gas. Subscript AE: from energy shift of valence
excitations. Subscript 4k: from diffraction patterns.
Subscript ls: liquid-solid.

AINe A lAr Al Xe

r (A)
ngE (A ')
ngk (A ')
P~E (kbar)
Pqk (kbar)
P~, (kbar)

13
0.073

~ ~ ~

40 (27)

15
0.04
0.035

60 (35)
30
12

13

0.023

30
5

which is 1 eV above the corresponding atomic
value. ' ' Surprisingly the AlXe spectrum does
not exhibit a bubble surface plasmon although the
Xe bubbles are found in TEM images. The reason
is that in the energy region from 7-11 eV, where
the plasmon is expected to appear, additional ener-
gy losses due to Xe valence excitations exist. '
The coupling of both these oscillations leads to a
damping of the bubble surface plasmon and to a
distortion of the normal loss spectra of Xe, which
can be well understood on the basis of an
effective-medium theory. ' Decoupling was
achieved for samples annealed at 625 'C by measur-

ing the energy loss at nonzero momentum transfer
q. In this case, the scattering process is confined to
a space region smaller than the bubble radius. To a
first approximation, either scattering in the bubble
or scattering in the matrix is observed. For q ~ 0.2

three distinct Xe excitations without a measur-
able shift compared to atomic Xe are observable.
The fact that these transitions are not shifted is in
agreement with the observation that there is no
shift in transition energy between solid and gaseous
Xe.

Figure 2 presents the diffraction spectra of the
AINe, AlAr, and AIXe samples taken by the ener-
gy-loss spectrometer in a momentum-transfer range
q from 0.7 to 3.6 A. ' Besides the narrow Al(111)
and Al(200) reflections broad maxima appear at
smaller q which are also detectable in TEM diffrac-
tion images as diffuse rings. Clear evidence was
found that these features arise from diffraction at
the rare-gas bubbles and that for Ar and Xe the
maxima can be ascribed to the (ill) reflections of
solid rare gas crystallized in fcc structure. Note, for
example, that going from Ne to Xe, i.e., towards
higher atomic volume, the maximum shifts by a
corresponding amount to smaller q values, or that
annealing of the sample causes bubble growth, and
hence density decrease, which likewise results in a
shift. In the case of Xe ELS and TEM scattering
experiments also showed that the intensities of the
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FIG. 1. Energy-loss spectra of Al films implanted with
about 3 at. '/0 Ne, Ar, and Xe, at insignificant momentum
transfer q. The AlAr and the Al Xe spectra are taken on
annealed samples. SP: Al-surface plasmon. BSP: bub-
ble surface plasmon. VP: volume plasmon of Al. Ar-
rows indicate valence electron transitions of the rare-gas
atoms.
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FIG. 2. Diffraction patterns of Al films implanted with
about 3 at. '/0 Ne, Ar, and Xe, taken with an ELS spec-
trometer. Al(111) and Al(200) are indicated. At q near
2 A ', contributions of the rare-gas bubbles are ob-
served.
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Xe(111) reflections are correlated with the intensity
of the Al(111) reflections which indicated an epi-
taxial growth of the solid Xe in the Al matrix.
Moreover, in the case of Xe, also higher-order re-
flections have been identified. The considerable
width of the Ar and Xe peaks can be understood as
a result of scattering from small objects. A calcula-
tion of the structure factor of a sphere with a ra-
dius of 15 A yields a half-width of the (111) reflec-
tion of about 0.25 A '. The difference from the
experimentally observed half-widths of 0.3—0.4

' may be caused by a distribution of pressures
and hence lattice constants in the rare-gas bubbles.
The considerable width of the peak in the A/Ne
spectrum suggests that the neon is liquid. Finally,
the relative intensity of the maximum is strongly
reduced for Ne compared to Xe, as is expected be-
cause the elastic-scattering cross section is propor-
tional to Z . This is also the reason why we could
not observe such maxima in He-implanted films.
The other reason why it is so difficult to see Bragg
reflections from He bubbles is that small bubbles
and thus low implantation doses, i.e., low He con-
tent, are necessary to produce solid He. 4

To calculate density values from the pressure-
induced energy shifts, a linear relationship between
shift and density is assumed. ' The propor-
tionality constant is obtained from a comparison of
the shift from the 'So-'P~ atomic to the correspond-
ing solid transition energy with the corresponding
densities. The calculated proportionality constants
are 19 eV A3 for Ne and 25 eV A3 for Ar. An
equation of state relates pressures, shown in Table
I, to the calculated density values. Moreover,
in the case of AINe and AINe Hartree calculations
of the pressure dependence of the 'So-'P& transition
energy exist and yield the proportionality con-
stants 20 and 26.4 eV A3, respectively. The cor-
responding pressures are given in Table I in
parentheses.

In the case of Ar and Xe, where we believe the
rare gas to be solid with a fcc structure, a careful
analysis of the scattering spectra of AlAr and Al Xe
yields the lattice parameters of the solid rare gas in
the bubble. Then again densities and, by means of
equations of states, " pressures in the bubbles can
be derived. The values are listed in Table I. For
the interpretation of the neon spectra, a molecular-
dynamics calculation of the pressure-dependent
structure factor of liquid neon is in process.

The pressure values are subject to considerable
errors, introduced by very small energy differences
from which the proportionality constants were cal-
culated; in addition to that, a small error in density

causes a great error in the corresponding pressure.
Nevertheless, density and pressure values deter-
mined in this way are of comparable size and con-
sistent with our assumption of solid Ar and Xe and
liquid Ne. The fact that the values are similar in
magnitude is to be expected for bubbles with a cer-
tain radius in the same matrix, because the pressure
in the bubbles should be independent of the im-
planted rare gas, but should depend on the host ma-
trix and be inversely proportional to the bubble ra-
dius. The mean bubble radii only slightly differ
from one sample to another.

It is interesting to remember here the results ob-
tained for AIHe samples by that group which
found the bubbles to be overpressurized. A pres-
sure of 130 kbar was calculated for bubbles with a
mean radius of 6.5 A, i.e., He bubbles with a radius
of 15 A should be pressurized at about 60 kbar.
This is close to the pressure values presented here,
which are all in the range of 40 kbar.

If the bubbles are growing by the absorption of
thermal vacancies, they will relax to the thermal
equilibrium pressure, p =2y/r, where y is the sur-
face free energy and r the bubble radius. The
results show in all cases the existence of overpres-
surized bubbles, i.e., all pressures obtained exceed
the thermal equilibrium pressure, which is 13 kbar
for bubbles in Al having a radius of 15 A. The
results may also be understood as support for the
theory of Greenwood, Foreman, and Rimmer, "
which states that for temperatures smaller than
one-half of the melting temperature the growth of
the bubbles, and thus the pressure, is controlled by
the emission of dislocation loops. This pressure is
given by

~ 2y + I"b
ln

r 2y + I",b 60kbar,
r 2mr ra r r

where p, = 2.6x 10' Pa is the shear modulus of Al,
b = 2.3 A (b II (ill) ) is the Burgers vector of Al,
and rD =—0.1 b.

Note that controversy concerning the pressure
arose to some extent from the difference in relating
density values to observed line shifts. However, in
this paper we have used a new way to determine
density and pressure values, viz. , from analyzing
electron-diffraction patterns. In the case of AtHe
this method was not applicable because of the low-
scattering amplitude of He in comparison to Ne or
even Xe. However, because of the fact that elec-
tron diffraction is applicable to non-He rare-gas
bubbles in Al the possibility is offered to gain in-
sight into the structure of the rare gas in the matrix.
As a fascinating example we mention AlXe: Our
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experiments reveal for the first time the existence
of epitaxially grown rare-gas bubbles in the Al ma-
trix. To understand the mechanism for this epitaxi-
al growing, further experimental work is necessary.

%e are indebted to H. Rietschel and R. von Baltz
for many helpful discussions.

&J. von den Driesch and P. Jung, High Temp. High
Pressures 12, 635 (1980).

2J. C. Rife, S. E. Donelly, J.-M. Gilles, A. A. Lucas,
and J. J. Ritsko, Phys. Rev. Lett. 46, 1220 (1981).

3S. E. Donelly, J. G. Rife, J.-M. Gilles, and A. A. Lu-
cas, J. Nucl. Mater. 93494, 767 (1980).

4R. Manzke, W. Jager, H. Trinkaus, G. Crecelius,
R. Zeller, and J. Fink, Solid State Commun. 44, 481
(1982).

5W. Jager, R. Manzke, H. Trinkaus, R. Zeller, J. Fink,
and G. Crecelius, Radiat. Eff. 78, 315 (1983).

6W. Jager, R. Manzke, H. Trinkaus G. Crecelius,
R. Zeller, J. Fink, and H. L. Bay, J. Nucl. Mater.
lllck112, 674 (1982).

7H. G. Hau bold and J. S. Lin, J. Nucl. Mater.
1114112,709 (1982).

SH. G. Haubold, Radiat. Eff. 78, 385 (1983).
9A. A. Lucas, J. P. Vigneron, Ph. Lambin, S. E. Donel-

ly, and J. C. Rife, Radiat. Eff. 78, 349 (1983).
&OS. E. Donelly, A. A. Lucas, J. P. Vigneron, and J. C.

Rife, Radiat. Eff. 78, 337 (1983).
~&G. W. Greenwood, A. J. E. Foreman, and D. E. Rim-

mer, J. Nucl. Mater. 4, 305 (1959).
t2H. Raether, in Excitation of Plasmons and lnterband

Transitions by E/ectrons, Springer Tracts in Modern Phy-
sics, edited by G. Hohler and E. A. Niekisch, Vol. 88
(Springer, New York, 1980), pp. 138-139.

tsM. Natta, Solid State Commun. 7, 823 (1969).
t4J. Daniels and P. Kruger, Phys. Status Solidi (b) 43,

659 (1971).
tsL. Schmidt, Phys. Lett. 36A, 87 (1971),
tsH. Borsch and J. Geiger, Phys. Lett. 3, 64 (1962).
70. Bostanjoglo and L. Schmidt, Phys. Lett. 22, 130

(1966).
tsP. Keil, Z. Phys. 214, 251 (1968).
t9P. Keil, Z. Naturforsch. 21A, 503 (1966).
2OJ. Geiger, Z. Phys. A 282, 129 (1977).
2'A. vom Felde, J. Fink, and J. Pfluger, to be pub-

lished.
22A. Guinier, X ray Diffr-action (Freeman, San Fran-

cisco, 1963), p. 323.
23L. W. Finger, R. M. Hazen, G. Zou, H. K. Mao, and

P. M. Bell, Appl. Phys. Lett. 39, 892 (1981).
24K. Syassen and W. B. Holzapfel, Phys. Rev. B 18,

5826 (1978).
25M. Derbyshire and R. D. Etters, J. Chem. Phys. 79,

831 (1983).
2sR. LeSar, Phys. Rev. B 28, 6812 (1983).
27H. Trinkaus, Radiat. Eff. 78, 189 (1983).

925


