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Noble-gas bubbles in metals: Molecular-dynamics simulations and positron states
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A theoretical treatment of atomic structure and positron states in noble-gas bubbles in metals is
presented. The Al-He and Cu-Kr systems are considered as specific examples. For large bubbles
(radii above a few tens of angstroms) a calculational scheme is developed combining molecular-
dynamics results for the metal —noble-gas interface with positron calculations. It is demonstrated
that a positron is trapped at the surface of a noble-gas bubble, i.e. , at the metal-gas interface. The
annihilation rate with metal electrons is similar to that at a clean surface, while simultaneously
there is a significant annihilation rate with gas-atom electrons. This enables relationships between
the gas density and the positron lifetime to be obtained for the systems considered. Experimental
evidence supports the theoretical relations. In the molecular-dynamics simulations a trend to-
wards close-packed layer-by-layer ordering of the gas atoms close to the metal-gas interface is
found even in the cases where the bulk gas is in a Quid phase. The positron-state calculations also
cover the case of adsorbed noble-gas layers at surfaces. For vacancy —noble-gas clusters containing
up to 13 vacancies complementary positron results obtained with the calculational method
developed by Puska and Nieminen are presented.

I. INTRODUCTION

The behavior of noble gases in metals has attracted
considerable interest in recent years. This interest has
mainly been triggered by the materials problems (embrit-
tlement) in fusion reactor materials associated with gen-
eration of helium, ' while more fundamental issues are
also increasingly being addressed. Bombardment with
heavy noble-gas ions is widely used in various prepara-
tion processes for metal surfaces and films, e.g. , sputter
cleaning and ion-beam mixing. Thus, motivation from
a materials science point of view for studies of noble
gases in metals exists not only for He but also for the
other rare gases. Noble gases are practically insoluble in
metals and therefore show a strong tendency to precipi-
tate into what are conventionally called bubbles even in
the cases where the precipitate is in a solid phase. To
evaluate the effects of noble gases on physical or materi-
als properties of metals, it is therefore important to be
able to characterize noble-gas bubbles and to develop an
understanding of their behavior. Numerous techniques
have been applied to this end including, primarily in
more recent years, the positron-annihilation tech-
nique ' (PAT), now well established in the study of
vacancy-type defects and their interactions in solids. "'

The possibility of the positron lifetime as a signature
of the gas density inside bubbles has been considered ear-
lier. ' However, in previous studies no detailed ac-
count of the positron behavior in gas bubbles was made
and the proposed re1ationships between gas density and
positron lifetime therefore lacked a firm basis. The pur-
pose of the present work is to provide a theoretical foun-
dation for the interpretation of the PAT results and to

derive relations between positron lifetime and gas densi-
ty for a selection of metal noble-gas systems, thus
demonstrating the potential use of PAT to determine gas
densities in bubbles. Other methods have been used to
address the gas density problem, but so far unambiguous
density determination has been problematic. '

The results presented in this paper are part of a more
general study with the aim to obtain a better under-
standing of PAT results for metals containing noble-gas
bubbles. This study also incorporates PAT experiments
performed on He bubbles in Al (Ref. 6) and Kr bubbles
in Cu and Ni. ' ' This motivates the choice of the
Al-He and Cu-Kr systems as specific applications of the
general calculational method developed for metal noble-
gas systems. A short account of the Al-He calculations
has been published previously. "

Our results demonstrate that in large bubbles (radii
above —10 A) the positron is trapped at the bubble sur-
face, i.e., at the gas-metal interface. To determine the
positron characteristics it is necessary to know the atom-
ic structure close to the interface. This information is
obtained by sets of molecular-dynamics' (MD) simula-
tions for Al-He and Cu-Kr interfaces. The MD method
was applied earlier to He-filled platelets' and small He-
vacancy clusters, ' but to our knowledge no metal
noble-gas interface results have been published previous-
ly.

Calculations for positrons trapped in small vacancy
gas clusters will also be presented, supplementing the in-
terface results applicable to large bubbles.

This paper is organized as follows: Section II contains
the results for the Al-He system and presents the general
calculational approach applied. The results for the Cu-
Kr system are presented separately in Sec. III. The re-
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suits are discussed in Sec. IV. Section V provides a sum-
mary and conclusion.

f (r —r, ) = 1 —[2x (1+x)+1]exp( —2x),

x =[i (r —r) )]~ . (2.4)

II. METHODS AND RESULTS: Al-He

A. Molecular-dynamics simulations

In general, large gas bubbles (radii larger than a few
tens of angstroms) have three-dimensional faceted
shapes. The problem of describing the atomic structure
at the bubble surface can therefore be approached by
considering a planar metal noble-gas interface represent-
ing the facets. The interface simulations were performed
with the molecular-dynamics program MGLDY originally
developed by Finnis and Harker. ' For the Al-He sys-

tem a sandwich geometry was applied with six layers of
Al atoms [(001) planes] containing in total 192 atoms
separating two sets of up to 300 He atoms in a box of
constant volume with periodic boundary conditions in
all three dimensions. The He atoms were initially ar-
ranged in a regular array. However, any information
about the initial He positions was rapidly lost as the
simulation proceeded.

The interatomic He-He potential was that of Aziz
et al. This potential is known to give a good descrip-
tion of high-density He fluids. ' The potential was trun-

0

cated at a He-He distance of 5 A.
The major requirement for the He-Al interaction po-

tential is that it yields the correct potential for the He
atoms near the Al surface, when contributions from all
metal atoms are added for each He atom. The Al-He
potential is a sum of two parts:

V„„,(r) = V,M(r)+ V,„w( (2.1)

The primary contribution to the He-Al interaction is the
repulsive part VEM. This is described by the effective
medium formula

(2.2)

V„dw(r) = C(r r, ) f (r r, ), — — —

where the cutoff function f (r r~ ) is given b—y

(2.3)

where n„(r) is the atomic electron density of the metal
atom and a,s.——255 eVao. Equation (2.2) stems from the
linear relationship between the (kinetic-) energy repul-
sion and electron density, and from the assumption that
the surface-electronic density can be described by a su-

perposition of atomic densities. This is known to be a
good approximation for a flat surface.

At a metal surface there is an additional contribution
to the He potential —namely the (weak) van der Waals
attraction, which is asymptotically proportional to
(z —zo), where z is the He-surface distance and zo a
constant. " Below we choose z=0 to coincide with the
outermost Al layer with He occupying the space z &0.
In order to obtain the van der Waals potential as a sum
of pairwise interactions, the interatomic potential includ-
ed an attractive term

The constants C =7.27 eV A, r, =0.55 A, and
k =0.567 A ' are adjusted so as to give a physisorption
well of depth -5 meV at a distance 4 A from the sur-
face. The shape of the well agrees well with the
universal shape for noble-gas potentials at solid surfaces
proposed by Vidali et al. The cutoff function f (r r i

—)
ensures that the repulsive part of the He-surface poten-
tial for z &4 A is essentially unaffected by the inclusion
of V,d~ in the potential. The truncation radius for the
He-Al potential was chosen as 8 A.

A Morse potential truncated at 7 A was used for the
Al-Al pairwise interactions. The parameters entering
the potential were fitted to reproduce bulk Al properties
(lattice constant, bulk modulus, and sublimation energy).
More advanced descriptions of metal-metal interactions
exist, but for the present application a simple potential
like the Morse potential is adequate since the primary
objective is to study the arrangement of the gas rather
than the metal atoms. The latter basically provide the
substrate against which the fluid is pressed. In the re-
gion of space sampled by the gas atoms in the simula-
tions, the potential acting on the gas due to the metal
surface stems almost entirely from the outermost layer
of metal atoms, and the corrugation of the potential
parallel to the surface is small. This means that inaccu-
racies in the detailed relaxations of the metal atoms do
not have any significant impact on the gas-density
profiles.

The simulations were run for up to 1200 time steps of
5)&10 ' s. First, the system was equilibrated to the
temperature T required, this being 300 K in most cases.
Thereafter, the time-averaged density profile nH, (z) per-
pendicular to the interface was calculated using z bins of
-0. 1 A. The two sides of the "sandwich" were com-
bined into one profile. Two examples are shown in Fig.
1. With increasing mean He density nH, defined as the
average value for large z, a strong peak in the He density
profile first develops near the Al surface and secondary
peaks in the fluid follow. The surface peak is not associ-
ated with the physisorption well in the He-A1 interaction
(it also appears when no attractive part is included in the
He-Al potential). Instead it originates from statistical
packing of atoms next to the repulsive metal surface,
much as with hard spheres near an impenetrable waH.
The other peaks appearing at higher densities signal inci-
pient ordering in the compressed Quid. The distance be-
tween peaks corresponds to that between close-packed
planes at a given nH, . The peaks in the density profiles
are reminiscent of the layered structure observed in
simulations of He-filled platelets in Mo. ' The presence
of the He surface layer indicated by the density profiles
can also be seen in the trajectory plot in Fig. 2 corre-
sponding to the profile in Fig. 1(b). Figure 2 shows that
the He atoms are quite mobile even when the time-
averaged density profile demonstrates a division into lay-
ers. No appreciable enhancement of the lateral ordering
is observed in the He layer closest to the interface com-
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FIG. 1. One-dimensional He density profiles perpendicular
to the Al(001) surface obtained by molecular-dynamics simula-
tions. The outermost Al layer is at z =0. The mean He densi-
ties, nH„ indicated are the average values for large z. The
simulation temperature was in both (a) and (b) 300 K. The
profiles have been averaged over 500 time steps (2.5 ps) after
equilibrium was attained.

pared to the deeper layers representing the bulk struc-
ture. Lateral corrugations of the distribution of He
atoms near the metal are only detectable at the highest
densities and are in all cases weak.

B. Positron surface-state calculations: Ordered He layers
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FIG. 2. Molecular-dynamics trajectory plot for an Al-He in-

terface, n„,=11.5X10 cm, T=300 K. The six central
planes are comprised of Al atoms; the remaining atoms are He.
The plot covers a time span of 1 ps (200 time steps) ~ The re-
entry at the opposite face, as required by the periodic bound-
ary conditions, of an atom leaving the box at one face is not
taken into account in drawing the plot.

For large, empty voids in aluminum the lowest-energy
positron state is the surface state. From the present
calculations (see below) we find that the surface (inter-
face) state remains the most stable also in He-containing
cavities (bubbles) for all values of the He density inside
the bubble. In the positron calculations we first consider
an Al(001) surface with He atoms outside the surface or-
dered in various geometries to be described. The calcu-
lations are based on an extension of the corrugated mir-

ror model of Nieminen and Puska, ' where the positron
surface state is described as an image-potential-induced
state.

The effective potential V+ acting on the positron con-
tains electrostatic and correlation parts which are taken
as sums of metal and He contributions:

V+(r)= V+„(r)+ g VH+, (r —R) .
K

(2.5)

Above, R denotes summation over the gas-atom posi-
tions. Because of the inertness and low polarizability of
He the metal-positron interaction is only negligibly
screened by the He atoms and is well approximated by
the positron potential V+„at a clean metal surface (con-
sisting of Coulomb and correlation parts, the latter in-
cluding the image potential). ' For positron-surface dis-
tances z larger than -2 A only the long-range image in-
teraction survives. Thus, the model assumes the posi-
tron screening charge to reside at the metal surface and
there is no accumulation of electrons around the posi-

0
tron for z )2 A. Since the MD simulations have shown
that the He atoms very rarely get closer than this to the
surface (cf. Fig. 1), this also means that the metal elec-
trons only weakly screen the positron-He interactions.
Therefore we include in VH+, both the atomic Coulomb
potential Vc+ and the (long-range) polarization poten-
tial V+ .

pol '

VH+, (r)= Vc+(r)+ V~+, (r) .

The latter is given by
4—cx/2r, r ) ro

V+, (r) =
pol —cx/2ro, r (ro4

(2.6)

(2.7)

where a is the static dipole polarizability and ro an ad-
justable length parameter. As in calculations for bulk
He values of o. =1.383ao and ro=1.57ao were used
these reproduce the correct positron-helium scattering
length.

We obtain the ground-state wave function from a nu-
merical solution to the three-dimensional Schrodinger
equation with the potential given by Eq. (2.5). Calculat-
ed positron wave functions for the clean Al(001) surface
and for a surface covered with a single monolayer of He
are shown in Fig. 3. This demonstrates the important
result that the surface state remains stable with the He
present: the overlayer disturbs the wave function only
locally near each He nucleus.

The positron and electron densities (electronic densi-
ties are calculated by superimposing atomic densities)
are used to calculate the positron annihilation rate A..
This rate is divided into contributions from gas-atom
(He) electrons, A, „,and metal (Al) electrons, A, „,i.e.,

(2.8)

Both rates are proporti. onal to the overlap of the two
densities, multiplied by an enhancement factor, which
depends on the nature of the annihilating electrons. For

from tightly bound electrons one can apply the
independent-particle description with a constant
enhancement factor y:
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FIG. 3. Positron wave functions at (a) a clean Al{001) sur-
face and (b) Al(001) with one monolayer of He at fourfold sites
shown as contour plots (lower panels) and cross sections
through a fourfold site (upper pannels). The solid dots denote
positions of Al atoms in the plane of the figure. The He posi-

0

tions in (b) correspond tn the dips in the wave function —3 A
from the surface. The wave functions in (a) and (b) are both
normalized within the unit cell and contour spacings are —,

' of
the maximum value in each case.

ks„=~r,'cy f dr
l
0+(r)

l
'p(r), (2.9)

where g+ is the positron wave function, p the gas-atom
electron density, r, the classical electron radius, and c
the speed of light. In the case of He (A, „denoted by
A.H, ) we apply a value of 2.9 for y. This is the y re-
quired to reproduce the experimental annihilation rate
versus He-density relation for bulk He. ' The calibra-
tion of kg against bulk measurements is justified by the
lack of screening of the positron-He interaction inferred
above.

Similarly, A. „is the result of the positron-metal elec-
tron overlap. ' For all geometries considered, the cal-
culations show that the A, „value for Al (X~&) can be ap-
proximated accurately by the value for a bare Al(001)
surface since only in a small volume (radius -0.5 A)
around each He atom does the positron wave function
deviate substantially from the wave function at the clean
surface (see Fig. 3). The deviation will therefore pri-
marily be in the image-potential region, where the
positron-electron overlap vanishes.

It is, however, not straightforward to obtain an accu-
rate, absolute value for A.A& theoretically. This is due to
the difficulty in accounting for the electron accumulation
around the positron in the transition region going from
the local screening behavior close to the surface to the
image-potential region far from the surface where no ac-
cumulation occurs. The obvious alternative is to use an
empirical kA]. The most direct determination of A.A& for
a clean Al surface has been made in a positron-beam ex-
periment. The value, kA&

——1.72 ns ', however, devi-
ates from the annihilation rate associated with nomi-
nally empty voids in Al, A, A] ——2.0—2.2 ns '. Since con-
tinuity between positron lifetimes for bubbles with finite
He density and voids with nH, ——0 is desirable, we use

A,A, ——2.0 ns to compute numerical values for the life-
time, r=(A.~&+A. H, ) '. Note that only at the instant
where ~ is calculated does the actual value of kA] play a
role. Otherwise the results, notably kH, and the depen-
dence on the fluid density, are independent of the abso-
lute value of A.A~.

Computational convenience imposes a requirement of
relatively high symmetry on the calculations. Thus,
geometries with irregular He positions such as those ob-
tained from the MD simulations cannot be treated
directly. Instead, the combination of MD and positron
calculations (Sec. II C) will be made through an inter-
mediate step where we first treat positron surface states
on Al(001) with various configurations of ordered He
overlayers.

Figure 4 shows the binding energy Eb of the positron
(with respect to vacuum) as a function of the He-surface
distance zH, for single layers of He at fourfold sites at
coverages 8= 1, 0.5 [c (2X 2) structure], and 0.25
[p (2X2)]. Note that Eb increases compared to the clean
surface value, Eb ——2.84 eV. The energy gain arising
from the positron-He correlation thus more than com-
pensates for the increase in kinetic energy due to the de-
pletion of the positron wave function around the helium
nuclei. Figure 5 shows the corresponding values for the
annihilation rate A, H, . Test calculations have shown that
the results in Figs. 4 and 5 also hold if the He atoms are
placed on lattice sites (i.e., on top of surface atoms) in-
stead of fourfold sites, which indicates that corrugation
effects parallel to the surface have little effect on A, H, and
E .

It is seen from Fig. 5 that, for any zH„XH, is propor-
tional to the coverage (this holds up to an unphysically
high coverage of 2, i.e., when both lattice and fourfold
sites are occupied). We find a related result also when
the He is not confined to a single layer, since in calcula-
tions with several c(2X2) layers at different zH, (chosen
to give a coarse-grained representation of the MD He
profiles) A, H, is found to be identical —within numerical

clean Al(001)

4
ZH (A)

FICz. 4. Binding energy with respect to vacuum of a posi-
tron at an Al(001) surface covered by a single He layer as a
function of the surface-He distance. The He coverage is indi-
cated for each set of results. The clean Al(001) binding energy
is indicated as the horizontal dashed line.



36 NOBLE-GAS BUBBLES IN METALS: MOLECULAR-DYNAMICS. . . 8223

rage
5oo(i

I I
) I I I

n Al

~400

300

0
4

Z e(A)

200 I I « I

5 10
~H (&0 cm )

FIG. 5. Annihilation rates with He electrons for the same
systems as included in Fig. 4.

accuracy —to the A,H, obtained by summing contribu-
tions from the individua1 layers using the single-layer re-
sults in Fig. 5. These observations indicate that each He
atom contributes additt. uely to kH, and that the detailed
geometric arrangement (i.e., the degree of ordering) of
He atoms at a given distance from the interface is unim-
portant for the annihilation characteristics. This is re-
lated to the fact mentioned above that the He atoms
only very locally perturb the positron wave function.
The experimentally observed proportionality between
positron annihilation rate and gas density for bulk He is
another manifestation of this effect.

C. Positron results for the Al-He interface

In this subsection we consider only the Al(001) surface
explicitly. However, since both the positron-metal and
He-metal potentials are nearly identical for the low-
index Al surfaces, this implies little loss of generality.
The results should therefore be applicable to a general

I I I I i I I I I i,4 I I I

2
I

He
ce

FIG. 7. Lifetime for a positron trapped by a He bubble in
Al vs He density inside the bubble. Solid circles denote
theoretical interface results with kA&

——2.0 ns ' (see text). The
line drawn is a visual fit. The crosses are based on experimen-
tal data with densities estimated by the thermal-equilibrium
condition (see text).

Al surface encountered in a large He bubble.
The additivity of kH, (see Sec. II 8) will permit one to

calculate the A.H, for a positron trapped at a He-Al inter-
face without having to solve the positron Schrodinger
equation for the specific geometry. The procedure is to
find the contribution from each part (i.e., z bin) of the
He profile individually using the single-layer results (Fig.
5) and subsequently add contributions from all parts of
the profile to obtain the total A.H, . One can apply the
formula

(2.10)

Here, z, is the distance from the metal surface to the ith
interval used in the MD calculation of the He-density
profile. The He density within each interval is converted
into a relative coverage denoted by e(z; ) as
e(z, ) =n (Hz, )M /co, where bz is the bin size and co is
the two-dimensional density corresponding to unit cover-
age [1.22 && 10' cm for Al(001)]. The proportionality
constant between XH, and e for each interval is given by
the e= 1 curve in Fig. 5, XH, (z). Figure 6 shows calcu-
lated values of A.H, for different values of nH, . One ob-
serves that A,H, increases more than linearly with nH„
because as the He density increases the He profile is

I I I I
)

I I I I
) I/I

0
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nHe(10 cm )

15
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IA
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FIG. 6. Annihilation rates with He electrons as function of

He density for a positron trapped at an Al-He interface (solid
circles). A spline function is drawn between the points. For
comparison, the corresponding relation for bulk He fiuid is
shown. The end of the solid line indicates the limit of the ex-
perimental results for the bulk fiuid (Ref. 37). The dashed line
is a linear extrapolation of the experimental relation.

2.8
0 5 10

nHe(10 orn )
15

FIG. 8. Calculated binding energy (with respect to vacuum)
of a positron trapped at an Al-He interface as function of the
He density.
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pressed closer to the metal surface, resulting in a larger
positron-He overlap. For comparison also the A, H, -nH,
relation for bulk helium' ' is shown in Fig. 6. Figure 7
displays the lifetimes, r=(A~&+A H, ) ', calculated with
the A, H, values from Fig. 6 and A.&&

——2.0 ns '. Figure 7
demonstrates a nearly linear relationship between ~ and
n H, . The line in Fig. 7 corresponds to a linear fit:

r(ps)=500 —23.5nH, (10 cm ) . (2.11)

D. Comparison with experiment

The crosses in Fig. 7 represent experimental results
for Al samples where 30—100 ppm (sample-dependent)
He was introduced by (600—800)-MeV proton irradia-
tion. The lifetimes are those of the most long-lived com-
ponent in positron-lifetime spectra measured after an-
nealing of the samples at temperatures in the range

If one applies a similar additivity procedure for the ener-
gy difference, AEb ——Eb —Eb, the binding energies of the
positron at the He-Al interface can be estimated. The
explicit calculations for the positron do not justify this
approach to the same degree for b,EI, as for XH, (as can
be seen in Fig. 4, EEb for single He layers is not perfect-
ly proportional to the coverage). However, a first esti-
mate of Eb can be obtained. We find that AEb is ap-
proximately proportional to nH, and reaches 0.7 eV at
nH, ——11.5)&10 cm (see Fig. 8). Simultaneously, po-
sitronium (Ps) formation, the ordinary desorption chan-
nel for a surface-trapped positron, is rendered less
favorable also because of the mainly repulsive Ps-He in-
teraction. The helium thus serves to stabilize the posi-
tron surface state. This is not surprising since the
positron-He interaction is dominantly attractive at the
densities considered here, as demonstrated by the clus-
tering of He around the positron at low temperatures in
Auid He. To get the positron binding energy to a He
bubble with respect to the positron bulk state in Al, the
positron work function, which for Al(001) is —0. 19 eV
(Ref. 38), should be subtracted from the Eb values in

Fig. 8. The variation of Eb with n H, infers that the
specific trapping rate of positrons into He bubbles, p,
varies with nH, . Considering electron-hole —pair —medi-
ated trapping, the relative variation of p is predicted to
be of the same order as the relative variations in E„, i.e.,
presumably deviating at most —30% from the empty-
void value (nH, =0).

For T= 100 K a single MD run was made at
n H, ——5.8 && 10 cm . The He-density profile resembles
that for T = 300 K at the same n H, [Fig. 1(a)], only shift-
ed a few tenths of angstroms from the metal surface.
This shift reduces the positron-He overlap slightly and
the calculated lifetime of 381 ps is about 20 ps higher
than the 300-K value.

A single calculation for the Cu-He interface was car-
ried out along the same lines as the Al-He calculations.
For nH, ——8.5&&10 cm we get A.H, =1.36 ns ' (with
A,c„——2 ns ', this gives r =298 ps) and b,Eb ——0.48 eV, in

striking agreement with the Al results (cf. Figs. 6—8).
The source of this agreement is discussed in Sec. IV A.

725 —875 K. No direct determination of the He densities
in the bubbles is possible, but estimates have been ob-
tained from the bubble sizes found by transmission-
electron microscopy (TEM) by assuming the He pres-
sures in the bubbles to be determined by thermal equilib-
rium. ' Mean bubble diameters ranged from 40 to 100
A, depending on the sample. In this size range the
interface-state model of the positron is appropriate.

The qualitative agreement between the two sets of
points in Fig. 7 is quite good. This firmly establishes the
sensitivity of the positron lifetime to gas densities in bub-
bles. Considering the lack of an absolute density calibra-
tion for the experimental data, the theoretical results in
Fig. 7 provide the best available relation between helium
density and positron lifetime for large helium bubbles in
aluminum.

E. Positron calculations for vacancy-He clusters

In the limit of small bubble sizes, v hich generally cor-
responds ' to the highest n H„ the positron-interface-
state model must inevitably break down. The positron
will instead be in a volume state extending over the
whole bubble volume, and the higher metal electron den-
sity in the bubble interior will affect the positron-He in-
teraction to a larger degree than has been assumed so
far. For this reason a separate set of calculations has
been performed for small He-filled vacancy clusters (con-
sisting of up to 13 vacancies) using the calculational
method of Puska and Nieminen. These results are
especially relevant to PAT studies of the important ini-
tial stages of bubble formation.

The theoretical method is described in detail in Ref.
33. The positron potential is composed of a Coulomb
part approximated by atomic superpositions and a corre-
lation potential calculated in a local-density approxima-
tion from the electron density (taken as a superposition
of atomic densities). No image potential is included and
the polarization potential is not included in the
positron-He interaction, since this will be screened out
by metal electrons in a small vacancy cluster. After nu-
merical solution of the positron Schrodinger equation,
the annihilation rate is calculated in a local approxima-
tion. The enhancement factor for conduction electrons
is approximated by the Brandt-Reinheimer formula,
and the independent particle formula (2.9) with the
enhancement factor y equal to 1.5 is used for core elec-
trons. ' Because of the metal-electron screening of the
positron-He interaction the He electrons are treated as
core electrons equivalent to the metallic core electrons,
i.e., the value of y in the annihilation rate formula (2.9)
is 1.5 rather than the 2.9 used in the surface calculations
(Sec. II B).

The He positions in the vacancy clusters were chosen
so that the symmetry of the cluster was retained com-
pared to the empty cluster, while the He positions still
appear physically sound (i.e., filling out the empty space
of the vacancy cluster in a reasonable way). The re-
quirement of symmetry is necessary to keep the unit cell
of the positron calculation at a computationally manage-
able size. Exact He locations were determined by
minimizing the sum of Al-He and He-He interatomic in-
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FICx. 9. Calculated positron wave function in an empty 13-
vacancy cluster (left) and in a cluster of 13 vacancies and 27 He
(right), both in Al. In both cases the contour spacing is

&p
of

the maximum value. Al atomic positions are indicated by solid
circles. The He positions in the right-hand part of the figure
can be deduced from the dips in the wave function. Only nine
of the He atoms are in the plane of the figure.

teraction energies with respect to one or several parame-
ters defining the He positions under the chosen symme-
try restrictions. The A1-He potential in these calcula-
tions included only the repulsive effective-medium part
and not the van der Waals contribution (see the descrip-
tion of the Al-He potential used in the MD simulations
in Sec. II A). The Aziz potential was used for He-He.
No relaxations of Al atomic positions were taken into
account.

In Fig. 9 wave functions for an empty and a He-filled
vacancy cluster are shown. Notice that despite the large
He content of the cluster, the overall shape of the wave
function is the same in the two cases. As in the surface
case (see Sec. II 8, especially Fig. 3) the He changes the
wave function only locally around each He atom.

Figure 10 shows the calculated lifetimes for a variety
of He-vacancy clusters. The results have been grouped
according to the ratio between He and vacancy numbers,
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FIG. 10. Calculated lifetimes in empty and He-filled vacan-

cy clusters in Al grouped according to the He-vacancy ratio.
The results are shown as a function of the number of vacancies
in the cluster, and the upper scale shows the corresponding
cluster radius (calculated from the volume of the cluster). The
open symbols at the right-hand side of the figure are results for
large bubbles obtained from the Fig. 7 relation.

and are displayed as functions of the vacancy number.
For all systems in Fig. 10, the positron is strongly bound
to the cluster (calculated binding energies relative to
bulk range from 1.4 eV upwards). We limit ourselves to
clusters with a vacancy number of 13 or less, since the
image effects, eventually leading to the transition from a
volume to a surface state for increasing cavity size, are
not considered in the cluster calculations.

On the right-hand side of Fig. 10 lifetimes for large
bubbles from the relation in Fig. 7 are shown for He
densities corresponding to the He-vacancy ratios applied
in the cluster calculations. As expected, the cluster life-
times show a trend to approach the large-bubble limit as
cluster sizes increase. For the He-vacancy ratio of 2
(corresponding to n H,

——1.2 X 10 cm ) the variation of
the lifetime with cavity size appears to be rather small,
from —190 ps for the smallest clusters to -220 ps for a
large bubble. The results in Fig. 10 show that an ob-
served increase in the lifetime of positrons trapped in
small vacancy-He clusters, e.g. , upon annealing, can re-
sult both from an increase in the cluster sizes and from a
decrease in the He-vacancy ratio.

III. METHODS AND RESULTS: Cu-Kr

A. Molecular-dynamics simulations

The geometry used is identical to that used for the
Al-He simulations, i.e. , six (001) planes of Cu atoms are
sandwiched between two sets of Kr atoms in a box with
periodic boundary conditions. Particle numbers ranged
between 192 and 432 for Cu and between 216 and 512
for Kr.

The Lennard-Jones and Morse potentials were used
for the Kr-Kr and Cu-Cu interactions with truncation

0
distances of 7 and 6 A, respectively. The Cu-Kr poten-
tial was described by Eqs. (2.1)—(2.3) and was truncated
at 7 A. The value of 900 eVao was used for cx,z in Eq.
(2.2). The constants in Eq. (2.3) were assigned the
values C=49.4 eVA, r& ——1.84 A, and k =0.25 A
With these parameters the Kr-surface potential has the
correct van der Waals limit and the physisorption well
is of depth -0. 1 eV about 3.5 A from the surface.
These values are close to those derived from experiments
for Kr on Ag(111), while the nearly identical heats of
adsorption for Kr on Cu(110) (Ref. 48) and Ag(111) (Ref.
47) indicate that the Kr potentials at Cu and Ag surfaces
are similar. The shape of the potential is in good agree-
ment with the proposed universal shape.

The MD time step was 5&10 ' s and individual
simulations comprised from 500 up to 4000 time steps.

The Kr densities nK, ranged from 1.1 to 3.5&10
cm . The simulations were carried out for T=300 K.
In addition, for selected densities other temperatures
(100 K& T &1000 K) were also used (the combinations
chosen are given in Table I). The initial Kr positions
were arranged in a fcc lattice with (001) planes parallel
to the metal surface. At high densities (pressures) the
Kr remained solid after equilibrium had been obtained,
while at lower densities a fluidlike profile developed at
the interface. Figure 11 shows examples of these two
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n K.r

(10 cm ) (ps) (eV)

TABLE I. Positron results for Cu-Kr interfaces at different
Kr densities, nK„and temperatures, T. A, K, is the annihilation
rate with Kr electrons, r the lifetime [given by (kz„+ &c„i '],
and Eb the binding energy to the interface with respect to the
vaccum. 0
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2.5
2.5

300
300
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300
300

100
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700
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1.15
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3.5
3.5
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(c)
6ps

(d)
12ps

(e)
20ps

types of behavior. The observed general features of the
phase diagram are in agreement with bulk Kr thermo-
dynamical data.

A second type of MD simulation, which corresponds
to an idealized "quenching" experiment, was also per-
formed for a Kr density of 2.5)&10 cm . After the
equilibrium density profile had been obtained at a high
temperature (T= 1000 K), the particle velocities were
scaled to correspond to a lower temperature (T =300 K).
The evolution of the system was then folio~ed as a func-
tion of time, while the simulation temperature was main-
tained at 300 K. Figure 12 shows the distribution of Kr

6-(a) t I

1.8&&10 cm

'Geometry corresponding to Fig. 11(b).
Geometry corresponding to Fig. 12(e).

'Values calculated by the multilayer method. The other kz,
values were all obtained by the additivity method.

FIG. 12. One-dimensional Kr density profiles perpendicular
to the Cu(001) surface obtained by molecular-dynamics simula-
tions. The Kr density is 2.5&(10 cm . The profile in (a)
corresponds to a temperature of 1000 K. In (b) —(e) profiles
after a sudden reduction of the temperature from 1000 to 300
K are shown at increasing times after the temperature reduc-
tion. All profiles are averaged over the last picosecond (200
time steps) before the time indicated.

perpendicular to the Cu surface as a function of time in
this simulation. One clearly sees the development of a
solid structure initiated at the Cu-Kr interface. The
spacing between layers corresponds to that between
close-packed planes at the given Kr density. Within the
planes a tendency towards hexagonal-close-packed or-
dering was observed. The geometry thus shows a
change in orientation of lattice planes compared to Fig.
ll(b), where the initial array of (001) planes parallel to
the metal surface is retained.
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FIG. 11. One-dimensional Kr density profiles perpendicular
to the Cu(001) surface obtained by molecular-dynamics simula-
tions. The outermost Cu layer is at z=0. In both (a) and (b)
the simulation temperature was 300 K. The profiles, which are
averaged over 1 ps (200 time steps), correspond to the equilibri-
urn attained after the Kr at the beginning of the simulation was
in a solid lattice. In (a) a Auidlike profile has developed, while
in (b) the original array of (001) planes is retained.
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FIG. 13. Positron wave functions at (a) a clean Cu(001) sur-
face and (b) Cu(001) with half a monolayer of Kr at fourfold
sites in a c(2&(2) structure. In (b) Kr positions are shown by
crosses. The plane of the figure is a (100) plane with all four-
fold sites occupied by Kr atoms [every second (100) row of
fourfold sites is empty for a c (2X2) geometry].
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B. Positron surface-state calculations: Single Kr layers

In the evaluation of A,z, for a positron trapped at a
Cu.-Kr interface, two distinct methods, both employing

I
I

I
I

Kr coverage
0.25.,
0.5

2.5
1

clean Cu(001)
I

z r(A)
FIG. 14. Binding energy with respect to vacuum of a posi-

tron at a Cu(001) surface covered by a single Kr layer as a
function of the surface-Kr distance. The Kr coverage is indi-
cated for each set of results. The clean Cu(001) binding energy
is shown as the horizontal dashed line.

The model and methods used for the Cu-Kr interface
positron calculations are identical to those used for
Al-He described in Sec. II. A11 calculations were done
for the Cu(001) surface. The parameters in the
positron-Kr polarization potential, Eq. (2.7), were chosen
as a=16.74ao and ro ——2. 37ao (Ref. 32). A value of 3.95
was used for the enhancement factor y in Eq. (2.9). This
number has been determined in a bulk Kr calculation'
assuming a solid Kr 1ifetime of 400 ps.

Calculations for single Kr layers were made for half-
monolayer coverage in a c(2X2) structure and for a
p (2X2) quarter-monolayer (calculations for the physi-
cally unrealistic full-monolayer coverage will not be de-
scribed). In all cases the Kr was positioned at fourfold
sites. The distance zK, between the outermost Cu and
the Kr layers was varied between 1.9 and 4.9 A.

Positron wave functions for clean and Kr covered sur-
faces are shown in Fig. 13. As in the case of the Al-He
system, the positron wave function is not changed con-
siderably in the region where the major positron-metal
electron overlap takes place. Thus the calculations pre-
dict that the contribution, A,c„, from Cu electrons to the
annihilation rate is close to that for a clean surface, this
being around 2 ns ' (Ref. 51). Figure 14 shows the posi-
tron binding energy Eb as a function of zK, . In Fig. 15
the corresponding contributions from Kr electrons to
the annihilation rate, A,~„are shown. One observes that
kK, is proportional to coverage, indicating an additivity
of A.K„similar to that found for A, H, in Sec. II. Figure
14 demonstrates that Eb is increased by Kr adsorption
compared to the clean-surface value, E& ——2.76 eV, as in
the Al-He case. However, for zz, &3 A, EI, is about the
same for 6=0.25 and 0.5, while for smaller zK„, Eb is
higher for 8=0.25 than for 6=0.5.

C. Positron results for the Cu-Kr interface

Kr coverage

4
z r(A)

FICy. 15. Annihilation rate with Kr electrons for the same
systems as in Fig. 14.

the density profiles obtained by the MD simulations,
were used. One method makes use of the additivity ap-
proach [i.e., the Kr equivalent of Eq. (2.10) based on
positron results for single Kr layers (Fig. 15)]. The oth-
er, which will be described below, is based on positron
calculations with multiple Kr layers at the Cu surface.
The latter method allows an evaluation of the combined
effect of the Kr profile on the positron wave function.
Eventually, the two methods yielded nearly identical A.K„
values, showing that the local approximation for A.K, in-
herent in the additivity method is indeed valid for all Kr
profiles considered, and the overall shape of the positron
wave function, disregarding the changes occurring in the
regions close to Kr atomic positions, is not changed by
the introduction of more than one Kr layer at the sur-
face. Thus the conclusion inferred from the single-layer
results, that A,c„ is equal to the clean-surface value,
remains valid in the multilayer geometry and, conse-
quently, also in a real interface geometry. Moreover, it
is found that by far the largest contribution (& 80%) to
A, &, comes from the very first Kr layer at the interface,
the other layers playing only a secondary role.

The multiple-layer method exploits the fact that in
many cases [e.g. , Figs. 11(b) and 12(e)] the Kr is distri-
buted in well-defined layers, each corresponding to a cer-
tain coverage. For each MD Kr profile the coverage per
Kr layer, 8], and the layer positions, were determined.
Two positron surface calculations with (ordered) Kr lay-
ers at these positions were then made, one with
8& ——0.25 and one with 6& ——0.5 (since the layer posi-
tions are different for different profiles, a set of positron
calculations had to be made for each separate case). The
annihilation rate kz, for the interface was then found by
scaling the A,z, values found in the calculations to the
true e„which for the various profiles considered ranged
from 0.30 to 0.56. Since the calculations indicate pro-
portionality of XK„with 8, in all cases (A,~, approximate-
ly doubled when going from 6, =0.25 to 6,=0.5), this
scaling is legitimate.

Table I gives the calculated kK, values for positrons
trapped at Cu-Kr interfaces. Calculations of A,z, by the
multilayer method just described were made for all sys-
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tems at 300 K, but the additivity method results were
preferred at the two lowest densities, since in these cases
the Kr profile was fiuidlike [cf. Fig. 11(a)] rather than di-
vided into layers. For the lowest density the deviation
between multilayer and additivity kx„values is 16%%uo,

while in the other cases it is less than 6%%uo. The lifetime
values given in the fourth column of Table I have been
calculated as r=(A, c„+A,K, )

' with A,c„equal to 2.0
ns '. One observes that the two different geometries
considered for nK, ——2. 5 & 10 cm and T =300 K
yield lifetimes in close agreement, and that the effect of
temperature on the lifetime at a given nK, appears to be
small. The calculated lifetime values for T =300 K have
been plotted against Kr density in Fig. 16. The relation
between ~ and nK, is observed to be very nearly linear,
in correspondence with the ~-versus-nH, relationship in

Fig. 7. The relation can be expressed as

The corresponding density estimate has been obtained
from the lattice parameter of the Kr lattice in the bub-
bles determined by electron diffraction on samples simi-
lar to those used for positron measurements (a density
estimate based on the macroscopic swelling and the es-
timated Kr content of the samples gives approximately
the same value ). The agreement between the theoreti-
cal ~-versus-n~, relation and the experimental result is
encouraging.

Experimental results are also available' ' for Kr in
Ni. For Ni containing -5 at. % Kr a lifetime of 243 ps
is measured, while the Kr density estimated from the
electron-diffraction lattice parameter is 3.20 && 10
cm . No explicit calculations have been done for Ni-
Kr, but a v.-versus-nK, relation similar to that for Cu-Kr
is to be expected (see Sec. IV A). Comparison between
the theoretical relation of Fig. 16 and the Ni-Kr data re-
veals a fair agreement supporting this idea.

r(ps)=500 —92.3nK, (10 cm ) . (3.1)
E. Positron calculations for vacancy-Kr clusters

D. Comparison with experiment

In the ~-versus-nz, graph, Fig. 16, an experimental
point is included. This has been obtained from Cu sam-
ples containing about 3 at. % krypton. ' ' In these
samples Kr has been shown to be present in bubbles
containing solid krypton. The lifetime, ~=257 ps, is the
longest lifetime component for the as-prepared samples.

500 (~

400

Q
300

200

100 I I I

1 2

nKr(10 crn )
FICx. 16. Positron lifetime as a function of Kr density in Kr

bubbles in Cu at 300 K. Solid circles denote theoretical inter-
face results (data from Table I). The line drawn is a visual fit.
The cross is an experimental point for Cu containing —3 at. %
Kr (see text).

Experimental support for the calculated relation is
presented in the following subsection.

The binding energies in the last column of Table I
were all obtained from the multilayer calculations. In
each set of explicit calculations the Eb values for
6,=0.25 and 0.5 agreed within 0.2 eV. The value for
the genuine 6& was found by interpolation or extrapola-
tion based on these values. The binding energy is in-
creased compared to the clean surface (2.76 eV), but
shows very little variation with nK, .

The course of the positron calculations for Kr-filled
vacancy clusters in Cu (and Ni) closely follows that of
the Al vacancy-He cluster calculations —see Sec. II E.

Equivalent to the He case, the positron-Kr polariza-
tion interaction is not included in the positron potential,
and the Kr electrons are treated as the metal core elec-
trons with y=1.5 in the calculation of the annihilation
rate. The annihilation with Cu d electrons is calculated
using the independent-particle formula (2.9) with
enhancement yd equal to 1.76. This number has been
adjusted to reproduce the bulk Cu lifetime correctly.

Kr positions in the clusters were determined by an en-
ergy minimization scheme identical to that used for
Al-He. No attractive part was included in the Cu-Kr
potential in these calculations, and relaxations of Cu po-
sitions were not considered.

In Table II the calculated lifetimes for vacancy-Kr
clusters in Cu are given. Results for Ni-Kr obtained by
the same procedure as the Cu-Kr results are also shown.
The calculated positron binding energies are larger than
1.5 eV for all clusters in Table II. The calculated life-
times in Ni are systematically about 12 ps smaller than
the corresponding Cu values. This will presumably also
apply for the Ni-Kr clusters, for which no explicit calcu-
lations were made.

Table II shows that the introduction of a single Kr
atom into a vacancy cluster reduces the positron lifetime
considerably, as has already been demonstrated by Han-
sen et al. ' Subsequent Kr atoms have a less drastic
effect since the mutual repulsion of Kr atoms disfavors
Kr positions near the cluster center, where the positron
wave function in the empty cluster has its maximum. At
high Kr-vacancy ratios of about 1/3, lifetimes around
220 ps are calculated for clusters in Cu (Table II). This
is close to the value calculated for large bubbles in the
interface model of 241 ps at the equivalent Kr density of
2. 8)&10 m, cf. Fig. 16. As in the Al-He case, cf.
Fig. 10, it thus appears that the inAuence of size effects
on the lifetime is small at high gas densities. At lower
Kr densities size effects are seen to be more important.
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TABLE II. Positron lifetimes (in ps) for vacancy-Kr clusters in Cu and Ni for dift'erent combina-
tions of vacancy and Kr numbers.

Number of
vacancies

Number of Kr atoms
1 2

Cu
4
6
10
13

Ni
4
13

276
310
346
372

264
364

181
212
262
284

169
271

178
220
237

166

223
229

217

IV. DISCUSSION

A. Generalization of the positron results

We have in the preceding sections considered the trap-
ping of positrons at metal-noble-gas interfaces. Explicit
calculations were made for the Al-He and Cu-Kr sys-
tems. However, one might, on very general terms, ex-
pect relations between the positron lifetime and nH, and

n~, qualitatively similar to those for Al and Cu, respec-
tively, also for other metals. The gas-density profiles are
mainly determined by the extension of the electron dis-
tribution outside the surface, i.e., the "size" of the metal
atoms, which for many metals is roughly the same, while
the positron surface states at different metal surfaces also
appear to be similar (same Eb within about 1 eV, Ref.
38), suggesting positron-gas overlaps for various inter-
faces to be alike. This notion is supported by the agree-
ment between the single result obtained for the Cu-He
system and the Al-He results (Sec. II C), and by the com-
parison between the experimental results for the Ni-Kr
system with the lifetime —Kr-density relation derived for
Cu-Kr (Sec. III D).

The theoretical calculations have all been performed
for planar surfaces corresponding to the surface facets of
large gas bubbles. When considering real bubbles, one
can, however, not exclude the possibility of surface im-
perfections. It is conceivable that vacancy-type interfa-
cial defects or other imperfections such as steps and
kinks can trap positrons, which in the present model are
delocalized along the interface. We have not examined
this possibility explicitly in the calculations. However,
the contours of both positron-surface and gas-surface po-
tentials, which in turn determine the positron and fluid
densities, follow the electron-density contours at the sur-
face. This is a consequence of the corrugated mirror
model for the positron and the effective-medium formula
[Eq. (2.2)] for the gas atoms [for the present argument
the attractive part of the gas-surface potential, Eq. (2.3),
can be neglected]. The changes in positron and gas den-
sities induced by surface imperfections therefore tend to
match. Consequently, the positron-electron overlap and,
hence, A, „will be relatively insensitive to details in the
surface geometry. It is dificult to quantify this general
statement, but the qualitative effect, namely that the pos-

itron lifetime is directly related to gas densities inside
bubbles, is unlikely to be disturbed by the presence of
imperfections.

In the theoretical description of the positron interface
state employed, the positron —gas-atom interaction is as-
sumed to be unaffected by the metal electrons, since the
gas-atom positions are almost exclusively in the image-
potential region (distances from the topmost surface lay-
er greater than about 2 A, cf. Figs. 1 and 11), where no
accumulation of metal electrons around the positron
occurs. In the "physisorbed Ps" picture of the posi-
tron surface state, one would expect a stronger screening
of the positron —gas-atom interaction, and accordingly a
smaller overlap leading to a lower A, „rather 1ike an
ortho-Ps pick-off annihilation rate. In this picture it
would be di%cult to account for the observed lifetimes
without assuming unrealistically high gas densities in the
bubbles. The image-potential model thus appears to pro-
vide a better description of the positron surface (inter-
face) state in gas bubbles than the Ps model.

B. Application to positron experiments

As noted in the Introduction the calculations were
originally motivated by a number of positron experi-
ments on metals systems containing gas bubbles. Exam-
ples of the application of the theory in the interpretation
of experiments are given in the following. Extended dis-
cussions are provided in the papers describing the exper-
iments in question.

Experiments on He bubbles in (600—800)-MeV-
proton —irradiated Al (Ref. 6) have already been men-
tioned in Sec. IID as providing independent support of
the theoretical lifetime He-density relation. Defect-
associated lifetimes in samples irradiated below 420 K in
the as-irradiated state are in the range 300—350 ps.
With Eq. (2.11) this corresponds to He densities around
7&(10 cm . This value for the He density inside bub-
bles is quite realistic. ' Upon annealing, the positron
lifetime in the defects increases when the annealing tem-
perature exceeds —600 K (Ref. 6), which implies a de-
crease in the He density. Very similar results have been
reported for He-irradiated Al. When the density infor-
mation obtained from Eq. (2.11) is supplemented with in-
formation on trapping rates of positrons into the bubbles
and the total He content in the samples, quantitative es-
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timates of bubble sizes and eoneentrations as a function
of annealing temperature can be made, in good agree-
ment with corresponding transmission-electron-
microscopy (TEM) data. An important piece of infor-
mation provided by the theory is that the lifetimes ob-
served can be accounted for by the He bubbles known
from TEM investigations to be present without having
to postulate the presence of small (invisible) vacancy
clusters.

The results for Cu and Ni containing Kr at atomic
percent concentrations ' ' were shown in Sec. III D to
give supportive evidence for the theory. The increase in
defect lifetime (which eventually reached 450 —500 ps)
observed as samples were annealed' ' indicates a de-
crease in Kr density inside the bubbles. The Kr densi-
ties estimated with the use of Eq. (3.1) after annealing at
different temperatures agree well with densities estimat-
ed from electron-microscopy data by assuming bubbles
to be in thermal equilibrium. The results in Table II
have mainly been applied to define the extent to which
small vacancy-Kr clusters (invisible in TEM), as opposed
to the large bubbles, are able to account for the observed
PAT results.

The results have so far been discussed in relation to
gas bubbles in metals. However, they will also apply to
other cases, such as when noble gases are adsorbed on
(external) metal surfaces. For Kr on Cu, Figs. 14 and
15 show that a single Kr layer at the saturation coverage
of about 0.40 positioned at the physisorption distance
around 3.5-A causes an increase in binding energy of a
surface trapped positron by about 0.5 eV and a decrease
of the lifetime from —500 ps to —300 ps. Subsequent
Kr layers have little effect beyond that caused by the
first layer, since these layers are quite far from the sur-
face compared to the extension of the positron surface
state. Since the positron work function of Kr (1.7 eV,
Ref. 58) is smaller than the positron binding energy to
the surface (interface), -3 eV, the interface-trapped
state is the lowest energy state in Cu-Kr systems. This,
presumably, also applies to other metal —noble-gas sys-
tems.

The large change in the lifetime of a surface-trapped
positron when a Kr layer is condensed at the surface can
be used to detect the presence of Kr in bubbles even
when the Kr density is so low that the lifetime at 300 K
is indistinguishable from the empty-void lifetime (cf. Fig.
16). When the temperature is lowered sufficiently, a
clear reduction in the lifetime should be observed when
the Kr starts to condense at the bubble surface. This
effect has recently been observed for the Cu-Kr sam-
ples mentioned above after annealing treatments had in-
creased bubble sizes and reduced the Kr density inside.
The magnitude of the lifetime decrease observed upon
cooling of the samples appears to be consistent with the
theoretical estimates. Since the temperature at which
the condensation of the first layer occurs depends on the
Kr pressure, measurement as function of temperature
should, in principle, be able to yield information about
the Kr density. Even if it is not possible to quantify this
information, the mere detection of the presence of gas in
the cavities would be valuable in many cases.

C. Solidification of gas bubbles

Electron diffraction studies have established that
heavy noble gases (Ar, Kr, Xe), when implanted into
metals, precipitate into solid gas bubbles. ' These
studies have revealed that close-packed planes of the (fcc
or hcp) lattice are parallel to close-packed metal lattice
planes, even though the metal and gas lattice constants
are incommensurate. This holds also for bcc Mo. Re-
cently, Finnis has offered an explanation of this align-
ment by comparing the interaction energies in the bulk
gas and at the gas-metal interface in a geometry where
the noble gas is confined between two metallic (plane)
surfaces. It was found that an arrangement of gas atoms
with close-packed planes parallel to the metallic surface
is energetically favorable compared to condensation of
the gas with loosely packed planes next to the metal.
Since the metallic bubble surfaces are likely to be close
packed, this effect can explain the alignment of the gas
and metal lattices. In the molecular-dynamics simula-
tions in the present work a direct demonstration of the
effect predicted by Finnis is given, since in the
"quenching" simulation in Fig. 12 the Kr gas solidifies
in planes of close-packed character parallel to the metal-
lic Cu(001) surface.

Let us finally note the possible connection between our
MD results and the experimentally observed superheat-
ing of solid gas precipitates in metals. Recently, Ros-
souw and Donnelly reported a solid-fluid transition in
Ar in bubbles in Al 480 K above the bulk Ar melting
temperature at the density in question. The melting
transition was deduced by the disappearance of the
electron-diff'raction spots associated with the Ar. [The
superheating effect is apparently much smaller or even
absent for Kr in Cu or Ni (Ref. 53).] Since bubbles, in
general, must be small to withstand the high pressures
required to solidify the gas at high temperatures, quite a
large fraction of the gas atoms will be at the bubble sur-
face. Thus the gas behavior at the gas-metal interface
will be of great importance to all bubble properties.
Rossouw and Donnelly discuss the surface effects in
terms of reduced thermal vibrations of the gas atoms
caused by the metal surface, and this is presented as a
mechanism for suppression of the melting transition.
The present MD results suggest an alternative explana-
tion which may not be described as a true superheating
effect, since it does not exclude that in the bubble interi-
or melting takes place at the predicted bulk melting tem-
perature. The peak(s) in the gas-density profiles ob-
served in the MD simulations (see Figs. 1 and 11), even
when the bulk gas is fluid, are a signature of ordering
processes at the interface, which in a small bubble might
yield a solidlike diffraction pattern above the bulk melt-
ing point of the gas. It would be interesting to pursue
this topic by doing MD simulations with a geometry
corresponding to a real three-dimensional bubble, which
would allow direct comparison with experiment.

V. COCCI, USIQN

The major conclusion which can be drawn from the
results in the preceding sections is that the lifetime of a
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positron trapped in a noble-gas bubble depends on the
gas density in the bubble. This was explicitly demon-
strated for the Al-He and Cu-Kr systems, but presum-
ably applies to a wide range of other metal-gas systems
as well. The general agreement with experimental evi-
dence indicates that this effect can be utilized in a quan-
titative density determination. To reach this conclusion
a general theoretical framework was developed and it
was shown that in large bubbles the positron is trapped
at the metal gas interface. It is our hope that the
present work will provide a foundation for the interpre-
tation of positron experiments on metal —noble-gas sys-
tems and hopefully will encourage further research in

this field, allowing further tests of the adequacy of the
theoretical model and possibly suggest refinements or ex-
pansions of the theory.
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