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Superheating of Small Solid-Argon Bubbles in Aluminum
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Small solid-Ar bubbles, formed by the implantation of SO-keV Ar ions into Al, are observed to
melt at 730 K, compared with an equilibrium bulk melting temperature of 250 K. A model based
on the suppression of Ar thermal vibrations at the Al interface is used to account for the superheat-
ing of 480 K. Measurements on the temperature dependence of diffracted electron intensities from
these bubbles yield Debye-Wailer factors consistent with an effective Debye temperature of about
140 K, compared with a bulk value of 110 K.

PACS numbers: 63.70.+h, 64.70.Dv

Recently, electron diffraction patterns have been
used to identify the presence of small solid precipitates
or "bubbles" of xenon and argon implanted into
aluminum at room temperature. ' Lattice images of
solid Xe bubbles3 reveal undefected as well as defected
areas, and the presence of dislocations within Xe bub-
bles has been confirmed by the matching of optically
processed lattice images with dynamical multislice cal-
culations. 4 In this Letter we report the superheating of
Ar bubbles (of mean diameter —2.7 nm) by 480 K, as
evidenced by the disappearance of Ar (200} beams at
730 K. A simple model, based on the suppression of
thermal vibrations of Ar atoms near the Ar-Al inter-
face, is developed to account for superheating. The at-
tenuation of diffracted intensities with increasing tem-
perature T is used to measure the Debye-Wailer fac-
tor, which in turn is related to an effective Debye tem-
perature 0.

The intensity Ig of a diffracted beam g is attenuated
by the Debye-Wailer factor5 exp( —2M ), where M
= 2m g (ug ) and ( ug ) is the projection of the mean-
square atomic displacements ( u2) along g. This may
be related to the Debye temperature 0 by substitution
of a value (ug) =3t2F(x)/M, kqO in the Debye-
Waller factor, where M, is the atomic mass, kz the
Boltzmann constant, x =0/T, and6

F(x) = —+1 1 ~x (d (1)
4 x « exp(() —1

'

In the high-Tlimit, I'(x) T/0 .
A 50-nm-thick, (100) epitaxial Al film was prepared

by vacuum evaporation onto a hot (490 K) NaC1 sub-
strate. 50-keV Ar+ ions were implanted at room tem-
perature into these films to a fluence of 102O ions m
prior to removal from the NaC1 and collection onto
400-mesh grids. A 200-keV electron beam was used
for lattice imaging and for the recording of diffraction
patterns. The intensity of relatively weak Ar beams
( —2'/0 of the Al beam intensities) was measured as a
function of temperature in the range 88 K & T & 423
K by use of a Gatan double-tilt heating-cooling holder

in the JEOL 2000 EX electron microscope. Specimens
were transferred to a JEOL heating holder for higher-
temperature measurements. The incident beam inten-
sity was recorded on the viewing screen before a series
of diffraction patterns were taken. Care was taken to
calibrate the response of the photographic film to
beam intensity, and exposure times were chosen such
that densitometry was performed in the linear-
response region for the density-versus-dose calibration
curve.

For near-symmetrical [001]-zone-axis orientations,
dynamical coupling increased the neighboring Al 200
and 220 beam intensities, which in turn increased dif-
fuse background as well as reducing the intensities of
Ar diffracted beams. In these circumstances, dynami-
cal diffraction phenomena lead to departures from the
kinematical attenuation of diffracted beams, 7 introduc-
ing a possible error of —10'/0 in attenuation over the
temperature range 100—600 K. The specimen was tilt-
ed by 6' from the [001] zone axis: This reduced
dynamical errors in attenuation compared with the
kinematical expression to —2'/o, and increased the
peak-to-background ratio for diffracted Ar beams.

About 107 Ar bubbles were within an area of 11 iLt, m
diameter (the area enclosed by the selected-area aper-
ture), and these lead to the formation of relatively
weak diffracted beams. These indicated the presence
of epitaxial fcc argon precipitates with lattice parameter
ao=0.516 +0.005 nm (molar volume V =20.7 +0.6
cm3). The Ar (200} beams were no longer detectable
at 730+20 K: We use this criterion to define the
melting temperature T of the bubbles. If the vanish-
ing of (111} beams near a different zone axis were
used to define T, this value would be somewhat
larger. Within the uncertainty limits for V, the
equilibrium bulk melting temperature for Ar is8

T t,
= 250 + 40 K. The bubbles may thus be su-

perheated by about 480 K, i.e., T /T t,
—2.8.

A densitometer trace across 200 and 220 Ar beams
for three temperatures is shown in Fig. l. An analysis
of fifty lattice-imaged bubbles yielded a mean diameter
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FIG. 1. Densitometer traces of Ar 200 and 220 beam in-
tensities for various temperatures T, scanning radially out-
wards from q =0.

D =2.7 nm, with a standard deviation of about 0.5
nm. We would expect the half-width qt~2 of the dif-
fracted beam, measured radially outwards from 000, to
be dependent on g if a variation in lattice parameter, as
reported by vom Velde et al. ,

2 were to provide a signi-
ficant contribution. However, a T-independent half-
width qt~2

—0.5 nm ' for both reflections was ob-
served, consistent with the bubble-shape transform.

Figure 2 shows a plot of Ig vs T, where the beam in-
tensities are scaled to unity at T= 0 K. On the har-

monic approximation9 ( u2) ~ T, and a least-mean-
squares analysis of the 200-beam data in the range
88—320 K, based on a linear relationship between ln1g
and T, was consistent with 0 = 144 K. A similar
analysis of the 220-beam data yielded 0 = 139 K. This
compares with Ob —70 K for Ar near its bulk melting
point T I,

= 83 K at atmospheric pressure, and Ob—110 K for Ar with the same molar volume as mea-
sured in the bubbles. ' It has been shown that the re-
lationship Mg~ T3~2 accounts for anharmonic effects
over an extensive temperature range in many crys-
tals, " although anharmonicity may also be accounted
for by a T-dependent Debye temperature. Above 320
K, deviations from linearity in Fig. 2 indicate a break-
down of the harmonic approximation: This effect may
be enhanced since a large proportion of argon atoms
are in the Ar-Al interface and experience an asym-
metric potential well. A plot of (ug2) vs Tis shown in
Fig. 3, with the solid line derived from 0 = 141.S K for
Ar. Note that the measured rms displacements fall
between values for Al'2 and bulk Ar at atmospheric
pressure.

In order to account for the thermal behavior of the
argon bubbles, we follow arguments analogous to
those of Pietronero and Tosatti'3 in which thermal
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FIG. 2. Plot of lg vs T for 200 (circles) and 220 (squares)
beams. Ig is plotted on a logarithmic scale, with the assump-
tion of a value of unity for the extrapolated T = 0 K intensi-
ty for each beam. Fitted values from the high-temperature
stage are indicated with larger symbols. Solid lines are
derived from a least-mean-squares fit to the data below 320
K.

FIG. 3. Plot of (ug2) vs T, as derived from 200 (circles)
and 220 (squares) Ar beams. Data for Al (dash-dotted line)
and solid Ar at atmospheric pressure (dashed line) are indi-
cated, as well as a fit by 0= 141.5 K (solid line) for Ar. The
value set by the Lindemann criterion for the mean-square
displacement of bulk Ar at melting is indicated by the arrow.
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characteristics of atoms vary with distance from a sur-
face. Assigning different mean-square displacements
( uj2) along g for various atomic layers j, we coherently
sum the contribution to the diffracted beam amplitude
from atoms in each layer j. This leads to a relationship

exp( —2''g'( ug') )
= g,. r, exp( —2m2g'( u,') ), (2)

T b/Ob2= T x,. r,/0,2. (4)

Thus superheating is predicted for O~ & Ob, as op-
posed to a reduction in T when O~ ( Ob as in the
case of small free particles. ' With our estimate on the
two-layer model of 0,—1.60b, a suppression in the
amplitude of thermal vibrations of Ar atoms in contact
with the Al matrix takes place. Equation (4) then
yields T~/T~b=1. 6 for r, and Ob as previously es-
timated. An upper bound on the ratio T /T b for this
model is 2.7 as 0, ~. This ratio may be increased if
more layers are assumed in the surface-to-bulk transi-
tion.

The observed superheating of —480 K is not readi-
ly explicable in terms of standard theories of melting.
For instance, the Lindemann theory yields a ratio
(u2) ' 2/R —0.12 at the melting point of argon (this is
indicated in Fig. 3), where R —0.365 nm is the
nearest-neighbor distance. From Fig. 3, and by use of

where rj is the proportion of atoms in the jth layer
and, unlike the approach adopted by Harada and
Ohshima, '4 the exponential terms are not expanded to
first order. From lattice-image information, a regular
octahedron bounded by (111}planes is representative
of the shape of a typical solid inert-gas bubble. 3 As-
suming seven atoms along outer (110) directions in
the [001] projection (linear dimension 2.55 nm), the
proportion of surface atoms is r, = 0.632. For T —200
K, with an abrupt change to bulk behavior for argon
atoms not in the aluminum interface, we have
0, —177 K if 0= 141.5 K and Ob = 110 K. This com-
pares with a Debye temperature of 398 K at 200 K for
aluminum. "

Superheating is accounted for by adopting an ap-
proach similar to the one used by Hoshino and
Shimamura'5 for the size dependence of T for fine
particles. Firstly, the average mean-square displace-
ment is written as a sum of contributions from dif-
ferent layers j, i.e. ,

(ug2) =
X~ r, (uj2). (3)

Secondly, melting is assumed to take place when (ug2)
exceeds a critical value. For the high-temperature lim-
it of the Debye model, Eq. (3) may be rewritten in
terms of a bulk melting temperature T~b (rb 1)
compared to the bubble T for an equivalent average
mean-square displacement. This yields

the approximate relationship (u ) =3(u~2), the largest
experimental value for (u )' /R at 675 K is 0.3 + 0.1,
an increase of about 2 —,

' when compared with the bulk
value at melting.

Couchman and Jesser'b have given a brief overview
of the melting phenomenon, discussed in terms of ei-
ther the generation of vacancies and interstitials, the
spontaneous generation of dislocations, or the absolute
mechanical stability of the crystal lattice. As a precur-
sor to melting, defects producing lattice disorder are
preferentially nucleated at surfaces or existing defects
(e.g. , grain boundaries) where the formation energy is
lower than that for a perfect crystal.

It has been shown that mean-square displacements
of surface atoms normal to the external surface are
about 1.8 times the bulk value. '7 This explains why
crystals do not reach their theoretical bulk melting
temperature T b, since the vibrational amplitude of an
atom on a free surface will exceed a critical (melting)
amplitude before those in the bulk. '~ Experimental
evidence has recently been obtained for the melting of
lead in stages from the surface, '9 starting with some
surface disorder a full 100 K below T b. On the other
hand, with the exception of systems with sluggish
melting kinetics such as quartz, 20 superheating of crys-
tals with uniform composition by more than about 2 K
has not been observed. However, superheating of
more than 100 K has been observed for small Bi
spheres, coated with a surface Sb layer. 2' A general
theory for the melting of such systems (spheres of low
T b coated with a surface layer of high T b) has been
developed 2: Superheating occurs since nucleation of a
liquid phase is constrained to take place within the
bulk rather than at a free surface. Some similarities
exist between this system and the Ar bubbles in alumi-
num (i.e. , a small crystal coated with a higher- T ma-
terial). NMR studies23 have also revealed considerable
superheating in bubbles ( —2 nm diameter) of molec-
ular hydrogen in a o.-silicon matrix.

Evans and Mazey24 have monitored the diffracted
electron beam intensity from solid Kr bubbles (diame-
ter —3 nm) in Cu and Ni as a function of tempera-
ture: The intensity disappeared at 850 K in Ni
( V =18.8 cm ) and 575 K in Cu ( V~ =21.2 cm3).
According to our calculations, based on the work of
Anderson and Swenson, 25 these figures represent a
depression in the melting temperature of Kr, com-
pared with the bulk values, of about 200 and 100 K,
respectively. An increase in the lattice parameter of
the Kr bubbles was observed by Evans and Mazey
after cycling through the melting point, indicating the
diffusion of vacancies from the host metal matrix to
the bubbles. The likelihood of superheating would be
reduced by the availability of free volume at the
metal-bubble interface. We observed no increase in
the Ar-bubble lattice parameter on cycling through the
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melting point.
In conclusion, we have experimental evidence that

thermal vibrational amplitudes of argon, present in
small bubbles in aluminum, are suppressed when com-
pared with bulk values for argon with a similar molar
volume. Electron beams continue to be diffracted
from these bubbles at temperatures well in excess of
the bulk melting temperature, indicating a superheat-
ing of about 480 K. A simple model based on a
change from surface to bulk thermal characteristics
within the bubbles is able to predict superheating,
although the rms displacements near T exceed those
predicted on the Lindemann criterion by a factor of
2 —,'. A prediction of the thermal behavior of the small
Ar bubbles from macroscopic thermodynamic proper-
ties may not be valid, given that (60—70)% of the—230 atoms in each bubble are in the Ar-Al inter-
face.
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