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Observation of the Amorphous-to-Crystalline Surface Transition in Al-Al„o
Using Slow Positroys
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(Beceived 31 August 1979)

The amorphous-to-crystalline surface transition of A1„0~ on the Al(111) surface is ob-
served between 650 and 800 K with different 02 exposures by measuring the positronium
(Ps) fraction produced by e impinging on the surface. The data are interpreted in terms
of vacancy-type defects in the film or at the metal-metal-oxide interface which as trap-
ping sites for e+ or Ps. As the ordering process proceeds to completion the trapping
centers anneal out and the Ps fraction increases, showing an irreversible transition.
This technique provides a new experimental method to study interfaces.

PACS numbers: 68.20.+ t, 64.70.Kb, 78.70.8j

With the advent of efficient monoenergetic posi-
tron sources incorporated in ultrahigh-vacuum
systems, it is now possible to study positron
interactions with well-characterized surfaces.
In a recent series of papers' ' the behavior of
positrons at a number of metal surfaces has been
reported. In some metals an implanted positron
can (i) be reemitted into the vacuum, ' (ii) escape
with an electron and form positronium (Ps), "
or (iii) annihilate in the perfect lattice, in a lat-
tice vacancy, or in the surface state." The posi-
tron can be thermally activated from this surface
state and the depth of the potential well can be de-
duced. ' ' In all clean metals studied the forma-
tion of Ps has been found to be the dominant mech-
anism for the escape of positrons from a metal-
vacuum interface.

In the present study we have exposed an Al(111)
single-crystal surface to molecular oxygen (0,).
The fraction of Ps produced at room temperature
increased initially with increasing 0, exposures
saturating at less than 500 L 0, (1 langmuir = 1L
=10 ' Torr sec) and subsequently decreased at
larger oxygen exposures. After separate total
exposures of 500 L and 10' L 9» the surface was
examined with low-energy positrons as a function
of sample temperature, at various incident posi-
tron energies, E. When the temperature at which
the transition from amorphous to ordered A1„0,
occurs at the surface the Ps fraction increases
and is identified as the removal of trapping cen-
ters (vacancy-type defects) for positrons or Ps.

The experimental details of the apparatus and
the method of measurement have been described
elsewhere. ' In this experiment the existence of
Ps (bound electron-positron state) is detected by
observing changes in the energy spectrum pro-
duced by the three Photon emission -that occurs
upon the decay of orthopositronium ('S,).' The

incident positron energy was varied by biasing
the target at different voltages. The sample was
cleaned by repeated cycles of Ar-ion bombard-
ment and annealing (&400 C). Surface charac-
terization was performed by low-energy electron
diffraction (LEED) and Auger-electron spectro-
scopy (AES). Before the sample was exposed to
O„no detectable impurities were observed by
AES. The samples were maintained in a vacuum
of -1X10 "Torr during the experimental run
(&8 h) except for those periods of 0, exposure.
After each run AES spectra were taken again and
no detectable impurities, other than oxygen,
were observed. Thus the behavior of the Ps frac-
tion cannot be attributed to impurities diffusing
to the surface at elevated sample temperatures
or to the desorption of oxygen at the higher sam-
ple temperatures.

Figure 1 shows the results obtained on a clean
Al(111) crystal. The initial increase in the Ps
fraction with temperature has been ascribed to
the thermal desorption of positrons bound in a
potential well at the sample surface. " In this
case we find an activation energy for detrapping
on the Al(111) of 0.33+0.02 eV in good agreement
with Mills. 4 At higher sample temperatures and
incident positron energies the effect of positron
trapping at monovacancies is reflected in the de-
crease in the Ps fraction. These trapping sites
shorten the effective diffusion length of the posi-
trons, thereby reducing the number of positrons
that can diffuse back to the surface and form Ps.
In the region near the surface we deduce a vacan-
cy-formation enthalpy' for Al of approximately
E

& v
——0.62 + 0.05 eV in good agreement with the

widely adopted bulk values. '
Data from previous experiments show that ap-

proximately a monolayer of chemisorped oxygen
forms on Al(111) at 100 L; therefore 500 L
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formation of the amorphous Al„O, containing
trapping centers. This decrease can be explained
by the generation of trapping centers for posi-
trons or Ps in the initial stages of the formation
of the amorphous overlayer. Since Ps, like posi-
trons, may also become localized in the regions
of lower than average electron density" (vacancy-
type defects), it is not clear which is becoming
trapped at these defects. After the observed de-
crease in the Ps fraction an increase was meas-
ured which is associated with the reorientation
process to ordered-like y-A1,0,. This increase
in the Ps fraction is explained by the removal of
these defects thus permitting the Ps or positron
to escape more readily into the vacuum, the latter
forming Ps while leaving the surface. This be-
havior is suggested to be directly associated with
the phase transition. After the Al(111) sample,
exposed to 500 L O„reached the highest tempera-
ture the measurements were continued at decreas-
ing temperatures and no minimum was found in
the Ps fraction, indicating an irv'evexsible transi-
tion. Reemission of slow positrons was observed
after the sample was cooled to 300 K, ' showing
that the defects were removed thus allowing posi-
trons to diffuse through and escape the overlayer
without forming Ps. This minimum in the Ps
fraction was also found on an Al(100) sample ex-
posed to 500 L oxygen. '

In Fig. 3 the trapping of positrons or Ps asso-
ciated with the amorphous Al„O, can easily be
seen by the large decrease in the fraction of Ps
atoms decaying by three photons after exposure
to 10' L 0, at 300 K. This exposure corresponds
to an oxide layer approximately 5 A thick. " It
is known that for a 30-A-thick oxide layer on Al
a phase transition occurs from amorphous to
crystalline y-A1, 03 at 623 K. These measure-
ments start at 300 K and increase in temperature
as shown by the solid line. At the lower incident
voltages (&125 eV) and temperatures greater than
700 K one can observe the large increase in the
Ps fraction or concomitantly the decrease in the
density of trapping centers in the overlayer. Da-
ta from recent photoemission experiments" show
that with 100 L of 0, a structure similar to the
crystalline Al, O, phase appears after the sample
temperature has been raised to approximately
700 K. Bianconi et al."found that the density of
interface states decreases strongly at the metal-
crystalline-oxide interface at the same tempera-
ture where the increase in the Ps fraction was
found. This amorphous-to-crystalline transition
was confirmed in this study by LEED after the

sample had been cooled which is in agreement
with Martinsson and Flodstrom. "

At the higher positron energies and tempera-
tures (~ 600 K) one can observe those positrons
which trap in the thermally generated monovacan-
cies in the underlying Al. From these data one
might suggest that this amorphous-to-crystalline
transition involves vacancies in thermal equili-
brium with the Al sample. Thermal desorption
of the positron from the surface state was ob-
served as the sample was cooled at a slightly dif-
ferent temperature than the clean Al. This be-
havior is presently thought to be associated with
the A1,0, surface state and the similarity of this
behavior to clean Al(111) is ascribed to an Al-
rich outermost layer.

It should be noted from standard positron-life-
time measurements that only a few percent of
o-Ps decaying by three photons is detected in
bulk Al,O, ." In this study it is not clear whether
the Ps signal is formed in or while escaping the
overlayer. If formed in the overlayer, Ps could
also be trapped in the amorphous region exhibit-
ing a behavior similar to positron trapping where-
by a pickoff process occurs and the Ps decays by
two photons. After the defects had been thermal-
ly removed the 0-Ps could then form and diffuse
through the overlayer into the vacuum in a short
time compared to the pickoff rate then decay by
three photons. This latter possibility is, however,
not completely correct as some free-positron
reemission was observed after the Al(111) + 500
L 0, crystal was cooled from the highest tempera-
tures. All of the present data indicate that irre-
versible changes occur with temperature in the
first few atomic layers, consistent with an amor-
phous-to-crystalline Al, O, phase transition as
can be seen in Figs. 2 and 3. It would be useful
to correlate the changes in the Ps fraction with
electron tunneling measurements in the tempera-
ture region between 600 and 800 K. It is note-
worthy that the expected kinetics of a temperature-
activated recrystallization process are consis-
tent with the Ps-fraction data. '

These results show for the first time that slow
positrons are sensitive to chemisorbed layers
and to traps associated with interfaces. Trapping
is observed after exposure to 10' L 0, and is re-
duced only when the transition to ordered Al„O,
occurs at the higher temperatures. The exact
nature of these trapping sites, i.e. , whether or
not they are positron or Ps traps, will have to
await further experiments. Positrons will pro-
vide complementary information to other types
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of surface probes, especially when defects are
associated with the surface region. An interest-
ing possibility is in the study of two-dimensional
melting where defects are predicted to play an
important role.
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Muon spin precession in iron has been observed from 300 K down to 3 K. The relaxa-
tion rate ~ shows a pronounced temperature dependence with minima at 15 and 90 K. A
fit with an Arrhenius function yields &~ = 0.3 meV below 10 K, 14 meV between 35 and
90 K, and 86 meV between 150 and 300 K. The data indicate that coherent tunneling be-
comes important below 35 K. The temperature region between 35 and 90 K is dominated
by incoherent tunneling while above 150 K the over-barrier hopping process sets in.

PACS numbers: 66.30.Jt, 76.90.+d

In many respects, the positive muon can be
considered as a light isotope of hydrogen; in par-
ticular, its diffusion behavior should follow that
of hydrogen, the main difference arising from a
much smaller mass (rn„= ~m~). This difference
is rather unimportant at high temperatures where
only moderate isotope dependences are expected
but becomes crucial at low temperatures when

tunneling plays the dominant role in the diffusion
process. In the present Letter, detailed experi-
mental data are presented which provide evi-
dence for coherent as well as incoherent tunnel-
ing at low temperatures. The transition between
the two mechanisms is around 35 K.

Muon diffusion can be measured by the motion-
al-narrowing effect in a muon-spin-rotation (MSR)
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