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Abstract

The structure of the a-Al2O3 (1�1 0 2) surface was examined using crystal truncation rod (CTR) diffraction. The

initial surface was prepared by Ar-ion sputter and anneal cycles in O2, which resulted in a clean (1� 1) surface. CTR

data were then collected for the clean and water-dosed surfaces (1� 10�8–1.6 Torr) in a UHV diffraction chamber (base

pressure � 1–3� 10�9 Torr). Water dosing had little effect on the diffraction data, suggesting that the initially prepared

surface was fully oxygenated. Least-squares analysis of the CTR data resulted in two best fit models, a relaxed stoi-

chiometric bulk termination and a relaxed bulk termination with a zero occupancy for the first layer of aluminum

atoms. Crystal chemistry considerations suggest that the second model is the most plausible if the surface oxygens are

protonated. � 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Aluminum-oxide and hydroxide surfaces play
an important role in a variety of fields including
heterogeneous catalysis, thin film growth, corro-
sion, and aqueous and surface geochemistry. Sin-
gle crystal and powdered substrates of a-Al2O3 are

widely used as model systems for studying surface
reactions of importance to these fields (cf. [1,2]).
The energetics of reactions occurring at metal
oxide surfaces are a function of both the surface
composition and surface structure, which depend
to a large extent on the sample history and envi-
ronment. One of the key issues to be considered is
the interaction of water with oxide surfaces and
the resulting hydration or hydroxylation of the
surfaces. The structures of hydrated oxide surfaces
and the resulting surface structural changes are
key in determining the surface reactivity in ‘‘wet’’
systems such as encountered in catalysis, aqueous
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geochemistry, and corrosion. However, detailed
knowledge of oxide surface structures is limited,
particularly for hydrated systems.

In this work we have examined the structure of
the ‘‘clean’’ and water-exposed a-Al2O3 (1�1 0 2)
surface (R-plane) using crystal truncation rod
(CTR) scattering. The primary reason for choos-
ing this surface is its importance as a model for
naturally abundant aluminum-(hydr)oxide phases,
such as gibbsite and the aluminol layer of clay
minerals, where the exposed surface sites are pos-
tulated to have similar local structure and reac-
tivity. Further, this work extends our recent CTR
study of the structure of the hydrated a-Al2O3

(0 0 0 1) surface (C-plane) which showed that sig-
nificant relaxation accompanied hydration [3]. The
application of CTR scattering to oxide surface
structure determination has several advantages
over traditional surface science techniques. Prin-
cipally, CTR diffraction does not require the use of
conducting substrates and can be performed under
UHV conditions, in air, or in the presence of bulk
solution (cf. [4]). The sensitivity of this technique
for the determination of surface terminations, re-
laxations and reconstructions has been shown for
a number of systems [5–7]. However, this diffrac-
tion technique requires high quality crystalline
surfaces, of low surface roughness, and is only
sensitive to structures with long-range order.

The structures of the clean and hydroxylated
alumina surfaces, particularly the (0 0 0 1) surface,
have been the subject of numerous experimental
[3,8–12] and theoretical [13–21] studies. Several
studies suggest that the clean (0 0 0 1) surface is
terminated by a single aluminum layer, which
leads to a stoichiometric, charge-neutral surface
[8,9]. The terminating aluminum atoms are 3-fold
coordinated by the underlying closest-packed
oxygens and are significantly relaxed towards the
bulk (cf. [13,18]). The 3-coordinate aluminum
atoms are expected to be reactive towards basic
species (e.g., water) due to their low coordination
number, as observed in several studies [17,22–24].
We recently examined the structure of the fully
hydrated (0 0 0 1) surface and found, in contrast
with the clean surface structure, that the hydrated
surface is hydroxyl terminated with a double alu-
minum layer below the terminating oxygen plane

[3]. Further, there is a significant relaxation re-
sulting in a surface layer resembling an interme-
diate between the bulk oxygen termination and
that of c-Al(OH)3. The terminating surface oxygen
atoms are 2-coordinated by Al, whereas all the
aluminum atoms in the surface model are 6-coor-
dinated.

The expected structure of the a-Al2O3 (1�1 0 2)
surface termination represents a significant con-
trast to the (0 0 0 1) surface. The stoichiometric
bulk termination of the (1�1 0 2) surface is ex-
pected to have 5-coordinated aluminum and 3-
coordinated oxygen at the surface [21,25]. While
the clean (1�1 0 2) surface was also observed to be
highly reactive to water [26], it is not clear that
there should be a significant difference between the
structure of the clean and hydrated surfaces due to
the higher coordination of near-surface aluminum
atoms in this model.

Further, it has been observed that there are
significant differences in the reactivity of the hy-
drated (0 0 0 1) and (1�1 0 2) a-Al2O3 surfaces to-
wards aqueous Pb(II) [27–29], as well as differences
in metal film growth depending on the preparation
of the surfaces [30–32]. Therefore, our investiga-
tion of the surface structure of the (1�1 0 2)
a-Al2O3 surface after cleaning in UHV and water
dosing is intended to provide some insight into the
structural details which may help explain the dif-
ferences in reactivity of these surfaces.

2. Bulk structure and surface unit cell

The structure of a-Al2O3 (space group R�33c)
consists of distorted hexagonally closest packed
layers of oxygen with aluminum occupying two
thirds of the octahedral holes. The oxygen stacking
sequence runs along the c-axis, and a unit cell
contains six oxygen layers, giving six formula units
per cell. The aluminum atoms are staggered along
the c-axis from their ideal position centered be-
tween the oxygen layers. This leads to two sets of
Al–O bond lengths. The aluminum that is dis-
placed in the positive direction along the c-axis has
three short Al–O bonds (1.86 �AA) to the oxygen

layer above and three long Al–O bonds (1.97 �AA) to
the oxygen layer below. This is reversed for the
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aluminum atoms that are displaced in the negative
direction along the c-axis. The cell parameters
used in our work are from Kirfel and Eichhorn
[33] (jaj ¼ 4:757 �AA, jcj ¼ 12:988 �AA) with bulk iso-
tropic Debye–Waller factors from Ishizawa et al.
[34].

The (1�1 0 2) surface is characterized by a
rectangular surface net as depicted in Fig. 1A. The
(1� 1) unit cell as defined in this work has in-plane
lattice parameters 1 of jasj ¼ 4:757 �AA, jbsj ¼ 5:127
�AA with as defined by the [1 1 0] vector and bs de-
fined by the [�1/3 1/3 1/3] vector in the bulk in-
dexing (bs is parallel to the projection of the c-axis
onto the (1�1 0 2) plane). Normal to the surface
we have chosen jcsj ¼ 6:957 �AA (2� dð1 –1 2Þ) which
gives a cell containing 20 atoms (4 Al2O3 units) as
shown in Fig. 1B. This cell has two structurally
identical (Al2O3)2 units with a linear shift of the
atomic coordinates by half a lattice spacing along
the as and cs basis vectors and by 0:5� D=2 ðD ¼
0:1391Þ along the bs basis vector between the two
units (see Table 1). The relevant layer spacings
along the cs-axis are depicted in Fig. 1B.

The unit cell as defined above cannot be used as
a space-filling model to generate the bulk a-Al2O3

structure by repeat along simple lattice vectors.
For the case of the (1�1 0 2) surface there exists
no crystallographic unit cell that defines the bulk
structure with two basis vectors in the surface
plane and a third normal to the surface, as is
conventionally used in surface scattering experi-
ments. The cell defined above contains the correct
repeat of atomic coordinates along the as and cs
basis, but for each cell repeat along the surface
normal there is a shift of atomic coordinates along
the bs basis vector by 0.1391n3 (n3 6 0). Therefore,
our definition of the unit cell in the surface in-
dexing results in a pseudo-cell useful for calculat-
ing in-plane and surface normal relations but is
not a crystallographic unit cell. However, the bulk
structure can be generated from this pseudo-cell by
applying a non-normal repeat vector. Defining the
origin of the structure at the center of the surface

plane, the coordinates of atom j in cell (n1, n2, n3)
are given by the vector

Rj ¼ rjðn1;2;3 ¼ 0Þ þ Rsðn1;2Þ þ Vr ð1Þ

where n is integer (n3 6 0) and rj ðn1;2;3 ¼ 0Þ gives
the fractional coordinates of atom j in the cell
defining the origin. The vector Rs gives the in-
plane coordinates for the origin of cell (n1, n2) in
the n3th slab,

Rsðn1;2Þ ¼ n1as þ n2bs ð2Þ

and the vector Vr is the slab repeat vector giving
the origin of cell (n1;2 ¼ 0, n3),

Vr ¼ n3Dbs þ n3cs ð3Þ

as shown in Fig. 1C. For our definition of the unit
cell in the surface indexing, the parameter D has a
value of 0.1391.

The indexing of the unit cell as above has the
advantage that the reciprocal lattice is simply de-
fined in terms of the surface termination since we
base the reciprocal lattice on the definition of the
unit cell real-space basis vectors. Therefore, the
indices Hs and Ks give the degree of momentum
transfer in the surface plane and Ls gives the degree
of momentum transfer along the surface normal.
The reciprocal lattice indices can be transformed
from the bulk to the surface indexing using the
transformation matrix,

Hs

Ks

Ls

0
@

1
A ¼

1 1 0
�1=3 1=3 1=3
0:713 �0:713 0:287

0
@

1
A

H
K
L

0
@

1
A ð4Þ

and the reciprocal relation is given using the in-
verse of the transformation matrix.

The unit cell defined above results in a surface
termination which is stoichiometric (i.e. charge
neutral) with 5-fold coordinate aluminums and
3-fold coordinate oxygens at the surface (Fig.
1). This model is referred to below as the bulk-
stoichiometric termination. The ‘‘zig-zag’’ rows of
first-layer 3-coordinate oxygen and third-layer 4-
coordinate oxygen run parallel to the bs lattice
vector. Other possible terminations can be envi-
sioned by removing atomic layers within in the
unit cell (e.g., removing the top oxygen layer re-
sults in an aluminum termination in which the

1 We use as, bs, cs and Hs, Ks, Ls to refer, respectively, to the

real-space basis vectors and reciprocal lattice indices in the

surface indexing.
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Fig. 1. Model of the ideal stoichiometric bulk termination of a-Al2O3 (1�1 0 2). Large circles are oxygen small circles are aluminum.

(A) In-plane view of the (1�1 0 2) surface showing the surface net. The real-space basis vectors in the surface indexing are shown, along

with their corresponding indices in the bulk indexing. (B) Layer stacking sequence and layer spacings along the cs-axis. (C) Schematic

of the stacking sequence of the 2-D slabs along the surface normal, showing the definition of the slab repeat vector.
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aluminum is 4-fold coordinated). After five atomic
layers, the structure of the surface terminations are
chemically equivalent to the terminations in the
top five layers, though the atomic coordinates are
shifted as mentioned above.

3. Experimental

3.1. Sample preparation

A highly polished single crystal a-Al2O3 sub-
strate of the (1�1 0 2) orientation (0.5 mm thick)
obtained from Union Carbide Crystal Products
was used for the CTR measurements. The wafer
was cut to �1 in. square and prepared with a mild
acid etch (0.01 M HNO3) followed by multiple
rinses with MilliQ water and heating to 350 �C in
air. After the sample had cooled to room temper-
ature it was immediately subjected to an extensive
wash with MilliQ water and blown dry with an
Ar jet. Following this wash procedure, the sam-
ple was introduced into a UHV-diffraction cham-
ber at the National Synchrotron Light Source

(NSLS) beamline X16A [35,36] for further surface
preparation and collection of CTR data.

The clean surface was prepared by annealing the
sample to �900 �C in 1� 10�6 Torr O2 for 1 h
followed by Ar-ion sputtering (PAr ¼ 5� 10�5

Torr, E ¼ 1 keV) for 30 min. The sample was then
annealed to 750 �C in 2� 10�6 Torr O2 for 1 h and
a second anneal to �1000 �C for 1 h. The resulting
surface displayed a sharp (1� 1) LEED pattern
and was free of carbon contamination as deter-
mined by Auger electron spectroscopy (less than
1% ML).

Water doses of increasing pressure, from
1� 10�8–1.6 Torr, were performed using a preci-
sion leak valve. The water used was from a MilliQ
system (18 MX cm) and was degassed by several
freeze–pump–thaw cycles under vacuum. Water
exposures up to 1� 10�6 Torr were carried out in
the main UHV chamber, and water pressure was
monitored with an ion-gauge. For the highest
water dose, the sample was moved into a load lock
for dosing where water pressure was monitored
with a convectron gauge. Base pressure in the
main chamber was �5� 10�10 Torr; however, after
sample cleaning, the main chamber base pressure
was �1–3� 10�9 Torr and the chamber pressure
would rapidly return to this range after water
dosing.

3.2. Data collection

CTR data were collected using 9.3 keV X-rays
collimated to 0:5� 3 mm2. Each data point con-
sists of a rocking scan of the diffractometer /-axis
at the particular ½Hs;Ks; Ls
 setting. Data were
collected with both the incident and exit angles
greater than the critical angle for total external
reflection. The integrated, background-subtracted
intensity for each value of the perpendicular mo-
mentum transfer was corrected for active area,
polarization, step size and Lorentz factor [5]. The
CTR data for the clean and water-dosed surface
are shown in Fig. 2.

3.3. Data analysis

Data analysis was carried out using a non-
linear least-squares routine with fixed bulk and

Table 1

Atomic fractional coordinates used for bulk cell

x y z

O 0.653 0.833 0.903

O 0.847 0.333 0.903

Al 0.000 0.684 0.852

Al 0.500 0.184 0.852

O 0.194 0.965 0.750

O 0.306 0.465 0.750

Al 0.000 0.247 0.648

Al 0.500 0.747 0.648

O 0.653 0.097 0.597

O 0.847 0.597 0.597

O 0.153 0.264 0.403

O 0.347 0.764 0.403

Al 0.500 0.114 0.352

Al 0.000 0.614 0.352

O 0.694 0.396 0.250

O 0.806 0.896 0.250

Al 0.500 0.677 0.148

Al 0.000 0.177 0.148

O 0.153 0.528 0.097

O 0.347 0.028 0.097

The cell parameters are jasj ¼ 4:7570, jbsj ¼ 5:12692, jcsj ¼
6:9575 and a ¼ b ¼ c ¼ 90�.
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Fig. 2. Experimental structure factors (FHKL) measured for the clean and water dosed a-Al2O3 (1�1 0 2) surface as a function of

perpendicular momentum transfer (Ls in reciprocal lattice units). The dashed line is the calculated CTR for the ideal termination, the

dotted line is the best fit model A termination and the solid line is the best fit model B termination.
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adjustable surface models. The calculation of
CTR intensity was performed following the method
outlined previously [37–39]. However, a slight
modification was needed due to our choice of a
non-crystallographic unit cell. The details of the
method are given elsewhere [40,41], but the final
result is arrived at by including the non-normal
slab repeat vector (Eqs. (1)–(3)) in the derivation
of the total structure factor.

The coordinates used in the bulk model are
given in Table 1, and the surface model atomic
coordinates are given in Table 2. For the particular
case investigated here, the surface cell (n3 ¼ 1) has
a difference in fractional coordinates from the bulk
cell at (n1;2;3 ¼ 0) by ys ¼ y þ D, where D ¼ 0:1391.
In addition, we observed that within our surface
cell there are two layers that will give chemically
equivalent terminations. Therefore, for each ter-
mination investigated we included two surface
models, one that was half the unit cell and the
other the full unit cell, with the same variable
model parameters for each. The magnitudes of the
structure factors for the two surface models were
summed to give the final calculated structure fac-
tor values. This model was used in the least-
squares routine to minimize the v2 value as a
function of the structural parameters.

As a check on the chemical plausibility of our
models, we calculated the bond-valence sums for
the atoms in the surface cell. Based on Pauling’s
electrostatic valence principle, the sum of the bond
valence (s) contributions (where s is given by the
ratio of the valence (z) to the coordination num-
ber of the ion) from each nearest-neighbor cation
(anion) should equal the magnitude of the valence
of the central anion (cation) [42]. This concept has
been extended to include variations in bond va-
lences as a function of bond length [43,44]. The
values presented in Table 2 were calculated based
on the empirical formulation of the bond length–
bond strength relationship for metal oxides of
Brown and Altermatt [44]. The bond valence sums
for bulk oxygen and aluminum atoms in a-Al2O3

are calculated to be 2.0 valence units (v.u.) and 3.0
v.u., respectively. A bond valence sum lower than
the formal valence (undersaturation) is a result of
under-coordination or longer than expected bond
lengths, while a bond valence sum of greater than

the formal valence (oversaturation) indicates bond
lengths are shorter than typically found in bulk
oxide materials.

4. Results

Qualitative inspection of the rod profiles in Fig.
2 shows there is no significant variation as a
function of the water dosing. After the cleaning
procedure, the surface displayed a sharp (1� 1)
LEED pattern, and after the highest water dose,
the LEED was of similar quality (still (1� 1)) with
an increase in the diffuse background. These ob-
servations imply that the water dosing did not
significantly perturb the structure of the initially
prepared crystalline surface. Because the rod pro-
files were reproducible throughout the water dos-
ing series, final fits were carried out on all data
simultaneously. Fits performed on individual data
sets gave similar results as fits to the full data set.

The calculated CTRs for the un-relaxed bulk-
stoichiometric termination are shown in Fig. 2 as
the dashed line. It is apparent that the bulk-stoi-
chiometric termination does not reproduce the
data set, in particular the features at �1 on the
(10Ls) rod and the increase in the magnitude of
the structure factor along the (11Ls) rod between 0
and �1.9 r.l.u.

Least-squares fits of the full data set to models
with various chemical terminations allowing re-
laxation of the atomic positions from the bulk
positions were performed in the analysis proce-
dure. The primary free variables in the fits are the
atomic z-fractional coordinates, occupancies and
Debye–Waller factors, as well as, overall rough-
ness and scale factors. To reduce the number of
free parameters in the fitting procedure we con-
strained the atoms in each layer to maintain the
same z-coordinate, occupation and Debye–Waller
factors. Furthermore, we note that in the bulk
termination model (Fig. 1A) the layer 1 and layer
3 oxygen atoms form a tilted equatorial plane
around the layer 2 aluminum atoms with a pseudo
4-fold symmetry [45]. Therefore, to further reduce
the number of free parameters, the in-plane dis-
placements of the equatorial oxygen atoms were
constrained, using a single displacement vector, to
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maintain the approximate 4-fold symmetry of the
in-plane projections of the oxygen atoms. As a
result, the atoms are forced to rotate and breath as
a group. Other constraint sets are possible, such as
those that allow rumpling of the surface. However,

we could obtain reasonable quality fits of the data
within our set of constraints using a minimum of
free parameters.

Each of the five potential (1� 1) chemical ter-
minations was examined in the analysis procedure.

Table 2

Best fit model parameters and estimated errors from the least-squares fits (96% confidence interval)

Layer Un-relaxed Model A

x y z x y z Dz (�AA) Biso (�AA
2) Occ

P
s

1 O 0.653 0.973 1.903 0.664(3) 0.990(3) 1.884(6) �0.13(4) 9(4) 0.54(6) 1.73(5)

O 0.847 0.473 1.903 0.827(3) 0.481(3) 1.884(6) �0.13(4) 9(4) 0.54(6) 1.75(4)

2 Al 0.000 0.823 1.852 0.000 0.823 1.880(6) 0.19(4) 10(4) 0.43(8) 1.96(2)

Al 0.500 0.323 1.852 0.500 0.323 1.880(6) 0.19(4) 10(4) 0.43(8) 2.20(2)

3 O 0.194 0.104 1.750 0.211(3) 0.092(3) 1.712(4) �0.26(3) 0.33 1 1.84(2)

O 0.306 0.604 1.750 0.293(3) 0.589(3) 1.712(4) �0.26(3) 0.33 1 1.83(2)

4 Al 0.000 0.386 1.648 0.000 0.386 1.651(3) 0.02(2) 0.32 1 3.4(1)

Al 0.500 0.886 1.648 0.500 0.886 1.651(3) 0.02(2) 0.32 1 3.4(1)

5 O 0.653 0.236 1.597 0.653 0.236 1.605(3) 0.05(2) 0.33 1 1.9(1)

O 0.847 0.736 1.597 0.847 0.736 1.605(3) 0.05(2) 0.33 1 1.9(1)

6 O 0.153 0.403 1.403 0.153 0.403 1.408(3) 0.04(2) 0.33 1 1.99(4)

O 0.347 0.903 1.403 0.347 0.903 1.408(3) 0.04(2) 0.33 1 1.99(4)

7 Al 0.500 0.253 1.352 0.500 0.253 1.361(2) 0.06(1) 0.32 1 2.86(6)

Al 0.000 0.753 1.352 0.000 0.753 1.361(2) 0.06(1) 0.32 1 2.86(6)

8 O 0.694 0.535 1.250 0.694 0.535 1.243(2) �0.05(2) 0.33 1 1.94(3)

O 0.806 0.035 1.250 0.806 0.035 1.243(2) �0.05(2) 0.33 1 1.94(3)

9 Al 0.500 0.816 1.148 0.500 0.816 1.148 0 0.32 1 3.01(7)

Al 0.000 0.316 1.148 0.000 0.316 1.148 0 0.32 1 3.01(7)

10 O 0.153 0.667 1.097 0.153 0.667 1.097 0 0.33 1 1.94(3)

O 0.347 0.167 1.097 0.347 0.167 1.097 0 0.33 1 1.94(3)

Model B

1 O 0.653 0.973 1.903 0.72(2) 0.84(2) 1.91(2) 0.1(1) 20(5) 0.7(1) 0.3(2)

O 0.847 0.473 1.903 0.78(2) 0.34(2) 1.91(2) 0.1(1) 20(5) 0.7(1) 0.3(2)

2 Al 0.000 0.823 1.852

Al 0.500 0.323 1.852

3 O 0.194 0.104 1.750 0.177(4) 0.086(4) 1.703(7) �0.33(5) 3(2) 0.9(1) 1.22(2)

O 0.306 0.604 1.750 0.328(4) 0.591(4) 1.703(7) �0.33(5) 3(2) 0.9(1) 1.24(2)

4 Al 0.000 0.386 1.648 0.000 0.386 1.650(4) 0.01(3) 8(2) 1 3.0(3)

Al 0.500 0.886 1.648 0.500 0.886 1.650(4) 0.01(3) 8(2) 1 3.0(3)

5 O 0.653 0.236 1.597 0.636(4) 0.254(4) 1.583(5) �0.10(3) 0.33 1 1.64(3)

O 0.847 0.736 1.597 0.867(4) 0.752(4) 1.583(5) �0.10(3) 0.33 1 1.65(4)

6 O 0.153 0.403 1.403 0.153 0.403 1.411(4) 0.05(3) 0.33 1 1.98(3)

O 0.347 0.903 1.403 0.347 0.903 1.411(4) 0.05(3) 0.33 1 1.98(3)

7 Al 0.500 0.253 1.352 0.500 0.253 1.353(3) 0.00(2) 0.32 1 3.15(8)

Al 0.000 0.753 1.352 0.000 0.753 1.353(3) 0.00(2) 0.32 1 3.16(9)

8 O 0.694 0.535 1.250 0.694 0.535 1.241(3) �0.07(2) 0.33 1 2.00

O 0.806 0.035 1.250 0.806 0.035 1.241(3) �0.07(2) 0.33 1 2.00

9 Al 0.500 0.816 1.148 0.500 0.816 1.148(3) 0.00(2) 0.32 1 3.02(8)

Al 0.000 0.316 1.148 0.000 0.316 1.148(3) 0.00(2) 0.32 1 3.02(8)

10 O 0.153 0.667 1.097 0.153 0.667 1.099(3) 0.01(2) 0.33 1 1.99(5)

O 0.347 0.167 1.097 0.347 0.167 1.099(3) 0.01(2) 0.33 1 1.99(5)

Values without reported errors were held fixed in the final fits. The Dz values are the change in the layer z position with respect to the

perfect termination. Bond valence sums (
P

s) were calculated assuming unit site occupancies.
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Two models were found that could reasonably
reproduce the measured rod profiles (Fig. 3).
Model A, a relaxed bulk-stoichiometric termina-
tion, and model B, a layer 3 termination with ad-
sorbed O2 or water residing in the layer 1 lattice
positions, are discussed further below.

Allowing relaxation of the bulk-stoichiometric
termination resulted in the fit shown as the dotted
line in Fig. 2 with the ball and stick model depicted
in Fig. 3A (model A). The fit resulted in a v2 value
of 1.72 with the resulting fit parameters given in
Table 2. The fit given by the relaxed bulk termi-
nation (model A) reproduces the majority of fea-
tures of the rod set with the exception of the broad
feature at Ls � 1 on the (2–1Ls) rod. The model
resulting from this fit has large contraction of the
layer 1–2 (�91%) and 3–4 (�40%) spacing and
large expansion of the layer 2–3 (64%) spacing.
The second-layer aluminum atoms move into
nearly the same plane as the first layer oxygens,
and there is a large contraction of the layer 3

oxygens (�0.26 �AA) towards the bulk. The occu-
pancies and Debye–Waller factors derived from
the refinement for the first and second layer oxy-
gen and aluminum, respectively, suggest that these
first two layers of atoms have a high degree of
disorder, though the refined value for the rough-
ness parameter b [37] was approximately zero.

A second model based on a relaxed layer 3 ter-
mination was also found to give a good fit to the
data set. The relaxed layer 3 termination resulted
in a v2 value of 1.92, and also resulted in a large
relaxation of the layer 3 oxygens (�0.33 �AA) into
the bulk. The fit was further improved by re-
introducing the layer 1 oxygens (v2 ¼ 1:6, model
B). This improvement was found to be statistically
significant through application of the Hamilton
R-ratio test [46], though the inclusion of this layer
had little effect on the relaxation of atoms in layers
3 and below. Constraints similar to those men-
tioned above were applied in the fitting procedure
for this model. The layer 3 and 4 oxygens were

Fig. 3. Atomic layer sequence and layer spacings of the best fit surface models from analysis of CTR data. Large circles are oxygen

small circles are aluminum. (A) Model A is relaxed bulk termination. (B) Model B is relaxed termination with zero occupancy for layer

2 aluminum. %D is the percent change in the layer spacing from the ideal (unrelaxed) termination.
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constrained to maintain the approximate 4-fold
symmetry of their in-plane projections, and the
layer 1 oxygens (now singly coordinated with layer
3 Al) were constrained to have the same in-plane
displacements.

The fit resulting in model B also shows a large
contraction of the layer 3–4 (�48%) spacing as
well as a large expansion of the layer 4–5 (31%)
spacing. Further, the layer 1 oxygens have a large
Debye–Waller factor and 0.7 occupancy, suggest-
ing that this topmost layer of oxygens is signifi-
cantly disordered. The fit resulted in a roughness
parameter of b ¼ 0:18� 0:03 which gives an esti-

mated rms surface roughness of <5 �AA.

5. Discussion

5.1. Analysis of best fit models

Model B results in a slightly better v2 value than
model A, with the largest qualitative difference in
the fits being that model B appears to better re-
produce the hump on the (2–1Ls) rod. The major
structural difference in the two models is the
presence or absence of the layer 2 aluminum
atoms. In model A we found a 40% occupancy for
the layer 2 aluminum with a contraction of layer 1
oxygen and expansion of layer 2 aluminum. Re-
moving the layer 2 aluminum atoms results in an
expansion and significant increase in the Debye–
Waller factor of the layer 1 oxygen (model B).
Based solely on v2 values, both models A and B are
equally plausible. However, some distinction can
be made based on the crystal chemical plausibility
of the resulting structures, as discussed below.

In model A the relaxation results in the layer 1
oxygen and layer 2 aluminum residing in nearly a
single plane. The bond lengths between the layer 1
oxygen and layer 2 aluminum remain in a rea-
sonable range (�1.75–1.94 �AA). However, the large
expansion of the layer 2 aluminum and contrac-
tion of the layer 3 oxygen leads to a large increase
in the bond lengths between the layer 2 aluminum
and layer 3 and 4 oxygen (2.05–2.18 �AA). The av-
erage bond length of the second layer aluminum
(2.01 �AA) are longer than expected for 5- (or even 6-)
coordinated aluminum and results in significant

under-saturation (by �0.80–1.04 v.u.) of the layer
2 aluminum (Table 2). While we would expect the
layer 2 aluminum to be undersaturated by �0.5
v.u. due to loss of its sixth neighbor, this should
result in a decrease rather than an increase in
the average bond length. Additional fits were at-
tempted with the next layer of oxygen included in
the model such that the layer 2 aluminum would
be 6-coordinated. The inclusion of the additional
oxygen atoms resulted in a small occupation fac-
tor, and the improvement in v2 was not statistically
significant.

In model B the Al–O bond lengths remain in
reasonable ranges, and the layer 4 aluminum are
saturated due to the inclusion of the layer 1 oxy-
gen. The layer 7 aluminum atoms are slightly
oversaturated due to the shortening of the bonds
to the layer 3 oxygen (to �1.73 �AA) resulting from
the large contraction of the layer 3 oxygen. How-
ever, the layer 1 oxygens are 1-coordinated with
aluminum and therefore significantly under-satu-
rated. Further, the 2-coordinate layer 3 oxygen
and 3-coordinate layer 5 oxygen are undersatu-
rated due to their under-coordination in the model.
While the Al–O bond lengths and aluminum satu-
ration indices in model B appear to be more rea-
sonable than model A, the undersaturation of the
surface oxygen and resulting non-stoichiometric
surface are problematic.

The undersaturation of the surface oxygens and
net excess of negative charge in model B is po-
tentially relieved by proton binding. Nui et al. [31]
observed that Ar ion sputtering at 1 keV on the
a-Al2O3 (0 0 0 1) surface was insufficient to de-
hydroxylate the initial surface. Similarly, Ahn and
Rabalais [9] found evidence for hydrogen on the
(0 0 0 1) surface after annealing to temperatures
of 1100 �C. Therefore, it appears likely that the
cleaning procedure we followed, while sufficient to
remove the majority of adventitious C, did not
significantly dehydroxylate the surface. Further-
more, because of the large degree of disorder,
partial occupancy and relatively large expansion
(0.1 �AA) of the layer 1 oxygen atoms included in
model B, we suggest that the observation of oxy-
gen atoms in layer 1 is due to the presence of ad-
sorbed O2 (from the O2 anneal cycle) and/or water
at the 5-coordinate aluminum sites. The atomic
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positions of the layer 1 adsorbates are poorly
constrained due to their relatively weak effect on
the rod structure. Therefore, based on the above
discussion it seems that the termination in model B
results in a better surface model from the point of
view of bond lengths and saturation of the surface
atoms.

5.2. Comparison with previous work

Previous studies of the (1�1 0 2) a-Al2O3 sur-
face have reported both (1� 1) and (1� 2) sur-
faces depending on the preparation conditions.
The stable reconstruction of this surface is re-
ported to be (1� 2) after sputtering and/or an-
nealing to high temperature in UHV [25,26,32].
The reconstruction has been ascribed to ordered
oxygen vacancies along the ‘‘zig-zag’’ rows parallel
to the bs-axis. As mentioned above we did not
observe any reconstruction in the LEED patterns
after the sputter–anneal cycle. However, our
preparation by low energy Ar-ion sputter and
annealing treatment in O2 is not expected to result
in a high density of oxygen vacancies (c.f. [31]). In
contrast, the more aggressive surface cleaning by
previous authors (Ar-ion sputter at 5 keV and
annealing in the absence of O2) likely results in an
oxygen deficient surface [25].

As mentioned above, the bulk cell (layer 1) ter-
mination is stoichiometric, leading to a surface
with no net charge. If the reported (1� 2) recon-
struction is due to the presence of oxygen va-
cancies, it is noted that the reconstructed bulk
termination would no longer be charge neutral
since there would be an excess of positive charge in
the surface layer. However, the layer 3 termination
could result in a similar (1� 2) termination, which
is stoichiometric, by the presence of an ordered
array of oxygen vacancies in layer 3. Therefore, we
suggest that the layer 3 termination (with oxygen
vacancies) is a possible candidate for the recon-
structed surface due to its stoichiometric structure.

In the water sorption work of Schildbach and
Hamza [26], they observe a rapid reaction of the
(1� 2) reconstructed surface (sticking coefficient
of �0.8) with water up to �0.8 ML, then a sig-
nificant reduction in sticking coefficient to �0.03
likely as a result of physisorbed molecular water.

Much of the initially rapid uptake of water ob-
served by Schildbach and Hamza was ascribed to
healing of oxygen vacancies resulting from surface
preparation. The reconstructed oxygen deficient
surface would be expected to be highly reactive to
water due to the presence of 4-coordinate alumi-
num atoms at the surface. Furthermore, under-
saturated surface oxygens are expected to be
highly reactive towards protons or other Lewis
acid species. Therefore, water reaction would be
expected to lead to the formation of terminal
hydroxyl groups at under coordinated surface
aluminum sites and to protonation of under co-
ordinated oxygen atoms (c.f. [18]).

In comparing the expected results of water re-
action on model A and model B, we observe that
additional water sorption on the oxygenated sur-
face should not lead to any significant structural
changes since the near-surface aluminum atoms
are already 6-fold coordinated. In contrast the
surface aluminum atoms in model A should be
reactive towards water due to their large under-
saturation and would likely have resulted in some
observable change in the rod structures based
on simulations including an overlayer of oxygen
(given a sufficiently large site occupancy). There-
fore, we suggest that our surface preparation using
lower energy Ar-ion sputter and annealing cycles
in O2 resulted in an oxygenated surface termina-
tion (model B) with the presence of hydrogen
balancing the oxygen dangling bonds in layer 3
and the layer 1 oxygen are interpreted as adsorbed
O2 or water.

6. Conclusions

We conclude that the best model for interpre-
tation of the CTR data on the (1�1 0 2) surface is
the relaxed layer 3 oxygen termination with partial
occupancy of the layer 1 oxygen sites (model B).
Both the very large relaxations in model A lead-
ing to unreasonable Al–O bond lengths and the
lack of any significant structural changes upon
water dosing suggest that relaxed bulk termination
(model A) is the less plausible solution. Though
model B is not stoichiometric (i.e., results in excess
negative charge), the likely presence of residual
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hydroxyls would decrease the net surface charge
and saturate the dangling oxygen bonds. Further,
we would expect that under more aggressive
cleaning procedures resulting in an oxygen defi-
cient surface, the likely model for the previously
observed (1� 2) reconstruction is a layer 3 termi-
nation with oxygen vacancies.

Our proposed model for the structure of the
hydrated/oxygenated a-Al2O3 (1�1 0 2) surface
implies the presence of surface oxygens which are
singly, triply and doubly coordinated with alumi-
num. In contrast, the structure of the fully hy-
drated (0 0 0 1) surface is terminated by only
doubly coordinated surface oxygens. Differences in
the coordination of surface oxygens have been
used to interpret/predict the acid/base character
(c.f. [47,48]) and reactivity of various terminat-
ing planes of a crystalline material [27,49]. As
such, our results imply the previously observed
differences in reactivity between the (0 0 0 1) and
(1�1 0 2) surfaces is likely a result of the variations
in oxygen coordination of the surface functional
groups.
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