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Atomic Structure of the n-41203(0001) (f31 x J'31)R ~ 9 Reconstruction
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The projected atomic structure of the u-A1203(0001)(~31 X ~31)R ~ 9' reconstruction has been
analyzed by means of the grazing incidence x-ray diffraction technique, which is not limited by
the surface insulating character. It consists of two Al planes whose structure is close to that of
metallic Al(l 1 1). This overlayer is rotationally reconstructed, is commensurate with the substrate, and

displays strong nonlinear static distortion waves. This layer, oxygen depleted, explains why the surface
properties are dramatically changed.

PACS numbers: 68.35 Bs, 61.10.—i, 81.60.0q

The structure, composition, and morphology of ceramic
surfaces strongly inhuence their chemical, mechanical,
and electrical properties, and play a major role in many
technologically important processes such as corrosion,
catalysis, and sintering. They also affect the nature and

strength of bonding at metaVceramic interfaces used in

composites or in electronic packaging. The (0001) sur-

face of sapphire is of major importance; it is used as a
substrate in silicon on sapphire technology and in growth
of several materials, such as high-temperature supercon-
ductors, large-gap semiconductors, and refractory met-
als. Its initial state is known to play a dominant role
on the overlayer properties. While theoretical investiga-
tions concentrate on the unreconstructed surface structure
and energy and its bonding with metals [1—3], current
experimental research is devoted to conditioning the cr-

A1203(0001) surface by various heat treatments [4—6] in
order to improve the quality of the interface. When heated
to high temperature under vacuum, several reconstructions
appear: (P3 x +3)R30', (3+3 X 3+3)R30', and finally

(v31 x ~31)R ~ 9'. Although their electronic structure
and symmetry are now well characterized [4—6], their
atomic structure remains essentially unknown, mainly
because of the difficulty to characterize insulators with
standard UHV tools such as low energy electron diffrac-
tion (LEED) or scanning tunneling microscopy. The
(~31 X ~31)R ~ 9' reconstruction is of particular in-
terest because it has been reported to help epitaxy and
enhance adhesion in some cases [7]. Moreover, it is un-

usually stable even under non-UHV conditions, i.e., after
air exposure. A structural model for this reconstruction
was proposed more than two decades ago [4]. The LEED
pattern was interpreted as the superposition of two recip-
rocal lattices, that of the hexagonal substrate and that of
a nearly cubic overlayer with composition Al20 or A10,
plus the interference pattern because of double diffraction.
Ho~ever, this model remained controversial. In particu-
lar, this interpretation does not include a supercell forma-
tion with atomic relaxations.

The aim of the present study is to analyze the u-
A1203(0001)(~31 x ~31)R ~ 9' reconstruction in order
to get unambiguous answers concerning the presence of a
supercell, and ultimately to determine its atomic structure.
We used grazing incidence x-ray diffraction (GIXD)
[8], which does not suffer the limitations (charging and

multiple scattering effects) of electron based techniques.
The n-A120&(0001) single crystals were first annealed

in air at 1500'C for 3 h. This annealing restores the sur-

face stoichiometry and crystallinity and yields a surface
with atomically fiat, -1000 A wide terraces, separated by
monolayer or bilayer high steps [9], as confirmed on our
samples by atomic force microscopy investigations in air.
The samples were then heated to -1350 'C for -20 min in
UHV to obtain the ~31 reconstruction. No impurity could
be detected by x-ray photoelectron spectroscopy (XPS) af-
ter this treatment. GIXD and LEED, performed on several
samples, showed that with the above explained prepara-
tion conditions, there is a reproducible final reconstruction
state, with a well-defined, stable atomic structure. The
samples were exposed for a short time (-10 min) to ul-

tradry nitrogen during transfer between the preparation and
the GIXD chambers.

The GIXD measurements were performed with a new
surface diffraction setup developed on the W21 wiggler
beam line of the DCI synchrotron storage ring of LURE
(Laboratoire pour 1'Utilisation du Rayonnement Electro-
magnetique, Orsay, France), which delivers a beam fo-
cused both vertically and horizontally. The wavelength
was set to 1.0403 A, the incident angle fixed at the crit-
ical angle for total external reAection, n, = 0.21, and
the pressure maintained to -1 X 10 Torr during the
experiment.

The reconstruction diffraction rods were examined at
the ideal locations for a perfectly conunensurate recon-
struction with the following relations to the substrate, de-
duced from the LEED pattern:

as = —(5ae + bii) and bs = —(-a'tt + 6be),
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where (a~, b~) and (as, bs) are, respectively, the in-plane
reciprocal unit vectors of the hexagonal bulk unit cell
and of the hexagonal (~31 && ~31)R = + arctan(+3/11)
reconstruction. A large number, 366 of which 267 were
inequivalent, of in-plane reAections arising from the re-
construction alone (excluding those on the bulk reciprocal
lattice) were measured under grazing incident and exit an-

gles (at 8 = 0.12 in units of c* = 2n. /12.991 A ') by per-
forming rocking scans. All peaks were exactly centered
at the expected positions to within 0.001' of azimuthal
rotation, which shows that the surface reconstruction is
perfectly commensurate with the underlying bulk lattice.
Their width and Lorentzian shape indicate an exponential
decay in correlations with the decay length of -500 A.
Several reconstruction diffraction rods were also mea-
sured up to out-of-plane momentum transfer magnitude of
3 A '. The absence of symmetry of the intensity with re-
spect to 4 = 0 shows that the reconstruction has the mini-
mal hexagonal symmetry p3.

The experimental diffraction pattern (Fig. 1), obtained
after integration of the rocking scans and correction for
polarization, Lorentz, and viewed-area factors, has sixfold
symmetry, with 7' reproducibility between equivalent re-
Ilections. An important result is that measurable intensity
is found at all reciprocal lattice points of the reconstructed
unit cell, even far away from bulk Bragg peaks. Because
x-ray scattering by surfaces is by essence kinematical, this
result contradicts previous interpretations of the LEED
pattern [4] in terms of multiple electron scattering due
to the coincidence of lattice sites between a rearranged
surface layer with a small unit cell and the hexagonal
substrate. In that case, x-ray diffraction peaks other than
bulk would be found only at the reciprocal lattice points
of the surface and bulk unit cells. The x-ray diffraction

intensity distribution proves that there indeed is a gen-
uine (v31 x 431)R ~ 9 supercell formation with atomic
relaxation s.

The diffraction pattern is qualitatively very similar to
that predicted [10,11] in the case of rotational epitaxy of
an hexagonal overlayer, which is expanded and rotated
with respect to an ideal overlayer R in perfect registry.
The main peaks (hatched in Fig. 1) correspond to the
first-order approximation, called "parent" phase, of the
adsorbed structure. Their locations yield the expansion,
10.62%, and rotation, 2.361', applied to the R phase
to obtain this rigid hexagonal parent phase. The other
diffraction peaks are satellites corresponding to the static
distortions of this parent phase and possibly to additional
disorder. Figure 3 shows the corresponding parent phase,
composed of two perfect Al(111) planes (as will be
shown below) which are just rotated and expanded with

respect to the substrate, and are commensurate, with a
(~31 && ~31)R ~ 9' coincidence site lattice (CSL).

Figure 4 shows the experimental pair-correlation (Pat-
terson) function. Most Patterson peaks have a nearly per-
fect hexagonal arrangement. The positions of these peaks
can be directly constructed by a rotation of -1.4' fol-
lowed by a small expansion of the projected atomic po-
sitions of an fcc (111) (A 8 C) stackin-g -on top of the

oxygen hcp (0001) (A 8 A 8) sta-ck-in-g of the underlying
bulk lattice. The Patterson superposition method shows
that these hexagonally ordered peaks correspond to ex-
isting atomic positions within the reconstructed unit cell
or within its variant [12]. In projection, the reconstruc-
tion consists of domains of one or more close-packed
planes separated by domain ~alls. Different initial struc-
tures were systematically studied. All structures based on
fcc or hcp stacking of either 1, 2, 3, or 4 planes made
either of Al or 0 atoms and with different locations of
the origin of the unit cell were tested. Further quantita-
tive analysis consists in least-squares refinement of all in-
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FIG. l. Experimental diffraction pattern, indexed in the
reciprocal space of the reconstructed unit cell (in —' of the

6
8 = 0.12 reciprocal plane). The radii of the right-hand halves
of the open circles are proportional to the experimental structure
factors, while the left-hand open circles are calculated from the
best model (g2 = 1.2). Black disks represent bulk allowed and
CTR reflections. The bulk unit mesh is superposed as dotted
lines. The three main diffraction peaks of the reconstruction,
corresponding to the parent phase, are hatched.
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FIG. 2. The (~31 X ~31)R9 unit cell, with positioning of
the threefold axes, the asymmetric unit cell, and its relationship
to the bulk unit cell (hexagonal mesh). The atomic positions of
the two perfect Al(l I I) planes of the parent phase are shown.
This parent phase analysis allows one to assign a Burgers vector
to the domain wa11s, which is —(110) in the ideal Al(ill)R
lattice.
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FIG. 3. Experimental Patterson map in the whole recon-
structed unit cell. Lines are only guides to locate the threefold
axes and the centered twofold axis of the Patterson p6 symme-
try. The asymmetric unit cell of the Patterson map is delimited
by bold lines.

plane atomic positions. The in-plane Debye-Wailer factor
was fixed at 0.5 A2 for all atoms, and all possible vari-

ants were included in the calculation. The only acceptable
model (g2 = 1.2) was obtained for the structure shown in

Fig. 5, composed of two planes of Al atoms. Removing
or adding an Al atom to the unit cell strongly increased the
g2 value, as did replacing an Al atom by an 0 atom ex-
cept within the domain wall. There is evidence for occu-
pancy disorder in the domain walls, because the g2 value
remains practically constant or even improves by assign-

ing partial occupancies to some atoms within these walls.
However, there are not enough data to accurately deter-
mine these partial occupancies. The calculated structure
factors are compared to the experimental ones in Fig. l.

The reconstructed structure can be interpreted as a tiling
of domains bearing a close resemblance to that of two
metal Al(111) planes separated by a hexagonal network
of domain walls. In the framework of rotational epi-
taxy, it has to be compared with that of the parent phase
(Fig. 3). These two structures actually differ appreciably.

More ordered plane More disordered plane

FIG. 4. Several domains of the projected atomic structure of
the (f31 x ~31)R9 reconstruction, where the unit cells as well
as domain walls are drawn. The two constituting Al planes
are shown separately, with evidence of one being much better
ordered than the other. Numerical relaxation has shown that
the ordered layer could be associated to the second layer, and
the more disordered one to the layer adjacent to the substrate.

In the middle of domains, the overlayers are well ordered,
but with a lattice parameter very close to that of metallic
Al (expansion of 4% with respect to the registered state)
and a small rotation (-1.4 with respect to the R state)
with the epitaxial relationships: (111)A1/(0001)A1203
and [110]A1/(R1.4 ) [1120]A120,. Both this rotation and

expansion are much smaller than that of the parent phase.
In addition, in the domain walls, large expansion and ro-
tation, and even loss of honeycomb network topology oc-
cur. These large differences are expected [10,11] when

the substrate potential is strong enough to favor an inter-
mediate structure between the physisorption case where
the main effect is a rotation with weak static distortion
waves (SDW) and the strong chemisorption case where
nonrotated, registered structures with a 2D network of
misfit dislocations are favorable. In the intermediate case,
for particular ratios of longitudinal versus transverse stiff-
ness, large SDW are present, with remaining rotations,
expansions, and nonlinear (dislocation-type) distortions.
The observation of compressed zones (with respect to
the parent phase) in near registry separated by narrow
domain walls with strong disorder suggests that the sub-

strate potential is strong. This strong substrate potential
is responsible for the overlayer to be commensurate, since
commensurate structures with small CSL are energeti-
cally favorable [13] compared to incommensurate struc-
tures: they "lock in" the layer as a result of the stabilizing
effect of atoms in high-symmetry sites.

Recent theoretical calculations [3] predict that the

a-A1203(0001) surface is terminated by an Al layer

with 3 compact packing. Hence, starting from the sur-

face, the successive planes are Al-O-A1-A1-0-Al-A1-0. .. .
Removing the two last 0 planes would thus leave five

Al layers with s compact packing occupancy at the sur-

face, and hence a filling ratio of s
= 1.67 with respect

to the compact commensurate packing, which is almost
identical to the observed one, of 157/(3 X 31) = 1.69.
We then suggest that the reconstruction is obtained after
evaporation of the two upper oxygen layers of the unre-

constructed surface. However, why just two oxygen lay-
ers could evaporate from the surface is still not clear to
us. The physical origin of the -4% expansion in the do-
mains is clear, since the overlayer is very close to bulk
Al and registry. The origin of the rotation and domain
wall network is more complicated. We believe that the
observed structure could be interpreted in the spirit of
rotational epitaxy with nonlinear distortions. However,
whereas the atomic honeycomb topology is preserved in
one of the two Al layers, it is not preserved in the other
(Fig. 5). Therefore, none of the existing models of ro-
tational epitaxy [10—14] is applicable in the explanation
of the observed reconstruction. A detailed investigation
of the interfacial energy requires extensive atomic relaxa-
tions where the effect of commensurateness is fully taken
into account. A minimum-energy numerical simulation
of the two Al planes, interacting with each other and
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with the substrate via a Lennard-Jones potential [15] was
performed. The initial structure was composed of two
CSL unit cells of the parent phase containing 304 Al
atoms. Additional atoms were allowed to fill possible
holes appearing in the domain walls as a result of re-
laxation. The relaxed structure was very similar to the
experimental one. However, the comparison of experi-
mental and simulated diffraction patterns gives evidence
(Fig. 6) of a stronger experimental disorder than expected
from the simulations on only two reconstructed unit cells.
The numerical relaxation shows that the Al layer closer
to the substrate is strongly disordered, in particular, in the
region of domain walls, whereas ordering of the second
layer is much more regular. The first layer is subject to
strong commensurate (but not in registry) potential of the
substrate whereas the influence of this potential on the
second layer is much weaker. The simulation also shows
that in the walls, there are many possible metastable po-
sitions. Therefore we expect some occupancy disorder in
the walls.

We now discuss the atomic structure determined by
GIXD in view of the available results of other surface
studies of the ~31 reconstruction. With regard to the
composition, the earlier studies [4,5] already pointed out
that the reconstruction is oxygen deficient and limited to
one or two atomic layer(s). XPS investigations [4,6] also
show intermediate oxidation states of surface aluminum
atoms. The surface band gap was also found to be reduced
on the reconstructed surface [6,16],which is expected from
an Al enriched surface. The fact that this Al terminated
surface does not quickly oxidize in alumina when exposed
to air at room temperature is probably due to a kinetic
limitation, since when exposed to 02 partial pressure,
the reconstruction disappears only when heating above
1000 'C [4], as confirmed on our sample.

The atomic structure determined by GIXD also sheds
some light on many results of growth and irradiation
experiments. It was recently found that u-A1203(0001)
can be epitaxially grown on top of Al(111) [17], and
that an epitaxial Al(ill) buried single-crystalline layer
in mesotaxy can be formed by high-dose Al ions im-
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FIG. 5. Diffraction pattern of the simulated overlayer struc-
ture, with 154 Al atoms in the reconstructed unit cell. For
details, see Fig. 1.
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plantation into a-A1203(0001) [18]. In all cases, as well

as when depositing other fcc metals like Cu on the

a-A1203(0001) surface [19], the epitaxial relationships
are identical to those of the two reconstructed Al(111)
planes. More interestingly, a ~31 reconstruction is ob-
served [4,20] during the first stage of Al deposition
[between 0.4 and 2.5 Al(111) monolayer coverage] on a

n-A120i(0001) surface with (I x 1) structure, followed

by Al(111) domain growth for larger coverage. Thus,
a fundamental question is open concerning the process
and dynamics of this reconstruction formation by dif-
ferent routes: reduction or Al deposition, which could
be assessed by future in situ surface x-ray diffraction
experiments.
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