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A B S T R A C T

Lanthanum aluminate (LaAlO3) has garnered significant interests since the discovery of a 2D electron gas at the
LaAlO3/SrTiO3 interface. In this work, the (110) surface of LaAlO3 was studied using a combination of trans-
mission electron microscopy plan and profile imaging, image simulation, electron diffraction, X-ray photo-
electron spectroscopy, and density functional theory calculations. Profile imaging of the (110) surface was
performed on a (111) oriented single crystalline sample with an Al rich surface. Our results indicate that high
annealing temperatures (1000–1300 °C) commonly used in preparing well ordered, flat surfaces of LaAlO3 result
in Al rich surfaces. The (110) surface was found to be single layered AlOx with a (2 × 1) reconstruction. Angle
resolved X-ray photoelectron spectroscopy indicated that the (2×1) surface structure was not hydrated. Convex
hull construction of surface enthalpies as a function of excess AlO1.5 on the (110) surface was done using density
functional theory calculations.

1. Introduction

There has been continued interest in LaAlO3 (LAO) since the dis-
covery of the 2D electron gas at the LaAlO3/SrTiO3 (STO) [001] in-
terface [1], with high electron mobility also observed for other or-
ientations [2]. The role of oxygen vacancies and electronic
reconstructions has been studied extensively [3,4], along with surface
metallicity due to adsorbates [5]. The relatively small lattice parameter
of LAO (3.79 Å) compared to other perovskites [6] is also useful in
strain engineering. Therefore, for fundamental understanding as well as
for a wide array of applications, it is important to understand the sur-
face composition and the detailed atomic structure of surfaces and in-
terfaces on LAO.

Despite a significant amount of work reported in the literature on
electronic applications, surface studies of LAO have mostly been qua-
litative [7–11] and detailed atomic structure studies sparse [12, 13].
The majority of the work on surface structure studies of perovskite
oxides has focused on SrTiO3 [14–22]. A previous analysis indicated the
presence of Al-O termination in samples heated up to 150 °C, La-O
termination at temperatures above 250 °C and mixed termination in the
intermediate temperature range [11]. However, in this study the
sample were initially annealed under ultra-high vacuum conditions at
800 °C and it is likely that the surface was established at 800 °C, rather
than at the 150 °C or 250 °C final treatments since diffusion at these
lower temperatures will be sluggish. This is consistent with another
study with synchrotron X-ray radiation which showed that structural
relaxations only occurred at elevated temperatures (>400 °C) [23].

The detailed atomic structure of two surface reconstructions on
LAO, the ×( 5 5 )R26.6 [13] on the pseudo-cubic (001) surface and
the (3×1) [12] on the (110) surface, have been previously reported in
the literature. (For completeness, although LAO is strictly rhombohe-
dral the distortion from cubic is small so we will use throughout the
cubic cell notation.) These reconstructions were both ordered at an-
nealing temperatures in the range of 1100–1500 °C in oxidizing con-
ditions. The (3× 1) surface was found to be rich in Al with a small
amount of retained water and no surface La, whereas the fractional hole

×( 5 5 )R26.6 is stoichiometric in the La/Al surface composition.
There is need for more data on other surface structures to understand
the surface dynamics and stabilization mechanisms in LAO; this can
also provide a fundamental understanding that would be applicable to a
wide range of other oxides.

In this work, primarily the pseudo-cubic (110) surface of LaAlO3

was studied using a combination of transmission electron microscopy
plan and profile imaging, image simulation, electron diffraction, X-ray
photoelectron spectroscopy, and density functional theory calculations.
Profile imaging of (110) surface was performed on a (111) oriented
single crystalline sample with an Al rich surface.

2. Methods

Single crystalline substrates of (110) and (111) oriented LAO were
purchased from MTI Corp. (Richmond, CA), cut into 3mm discs using
an ultrasonic cutter, polished using silicon carbide sand paper and a
18μm slurry to a thickness of 100μm, and dimpled to a thickness of
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15μm using a Gatan 656 dimple grinder. Using a Gatan PIPS, the
samples were then ion milled to electron transparency, which was de-
termined by observation of a small hole with an optical microscope
under a magnification of 20X. Samples were annealed in a quartz tube
furnace in flowing dry oxygen.

Electron microscopy was performed using a Hitachi H8100 and an
aberration-corrected JEOL ARM 200CF. Multislice simulations [24,25]
of electron microscopy images were performed using the MacTempas
code [26]. Relevant collection angles for different imaging modes are
given in the image captions. X-ray photoelectron spectroscopy (XPS)
was performed using a Thermo-Scientific Escalab 250Xi equipped with
a monochromated Al K-alpha source. Angle resolved XPS was per-
formed by tilting the sample stage. Using a layer by layer attenuation
model [27] for integrated intensity, the relative surface composition of
Al to La was obtained and normalized to the experimental data at
normal incidence.

Density functional theory (DFT) calculations were performed using
the all-electron augmented plane wave+ local orbitals WIEN2K code
[28] using the PBE [29] functional to relax atomic positions, and the
TPSS functional [30] to calculate surface energies. Muffin tin radii
(RMT) of 2.36 was used for La and 1.55 was used for both Al and O. An
RKMAX (product of smallest atomic sphere radius (RMT) and the lar-
gest K-vector) cutoff of 7 was used with a separation of 0.1 nm−1 be-
tween k-points in reciprocal space. The self-consistent density and po-
sitions were converged with a parallel fixed-point algorithm [31]. All
atoms positions were relaxed with a numerical precision of 0.01 eV per
1× 1 surface unit cell. The relaxed slab for each structure is included in
supplemental information as a Crystallographic Information File (CIF).
Bond-Valence Sum (BVS) of relaxed structures were also calculated
using KDist (part of the Kalvados program suite [32]), for an integrity
cross-check on the surface structures [18].

3. Results

We will first describe the broad details of the samples and the sur-
faces from electron microscopy analysis followed by a description of the
surface composition based upon XPS results and subsequent analysis of
possible atomic configurations consistent with the electron diffraction
and XPS data. Finally, we corroborate the evidence for the surface
structure from direct profile imaging.

Samples of (110) oriented LAO were studied using electron micro-
scopy after Ar+ ion milling to electron transparency. The samples show
damage after ion milling evident from the bend contours in the bright
field image as well as the diffuse ring in the diffraction pattern (see
Fig. 1). Half ordered spots (marked by a white arrow in Fig. 1b) ori-
ginating from the distortions away from cubic to rhombohedral of the

lattice are also visible in the diffraction patterns.
The samples after initial investigation were annealed in dry oxygen

at 1050 – 1250 °C for 8 – 12 h in a quartz tube furnace. Bright field and
dark field images in Fig. 2 show well-ordered steps and terraces on the
(110) surface after annealing. The transmission electron diffraction
pattern in Fig. 2c shows additional spots due to a surface structure of
(2×1) periodicity. It is important to note that similar annealing tem-
peratures can also lead to the formation of (3×1) if there was trace
water present in the gas flow. It is likely that the dry annealing con-
ditions led to the formation of a dry (2×1) surface rather than the
slightly hydrated (3× 1), which the XPS results shown later sub-
stantiate.

The (111) terminated LAO samples were annealed under similar
conditions and temperatures as the (110) samples. Bright field and dark
field transmission electron microscopy (TEM) images (see Fig. 3) show
discrete thickness fringes due to steps and terraces on the surface. The
electron diffraction pattern (inset in Fig. 3a) showed no extra spots
indicating either the absence of a long-range order at the surface or the
presence of a (1×1) surface.

Turning now to the chemical composition of the surface. XPS ana-
lysis was performed to determine the surface composition of both the
(110) and (111) oriented LAO samples. For this analysis to be valid, the
sample surface has to be clean. In order to ensure such a surface, XPS
analysis was done right after annealing in the quartz tube furnace and
the samples were degassed in the XPS chamber prior to data collection.
The absence of shoulder peaks in the C1s and O1s spectra indicated a
clean surface; except for low levels of adventitious carbon no impurities
were detected in routine survey scans (not shown). Of particular im-
portance is to check for any residual chemisorbed water. The intensity
ratio of OH to O shows no increasing trend with increase in take-off
angle, thus indicating the presence of a dry surface as shown in Fig. 4.

Al2p and La3d spectra at different grazing angles were collected for
both samples. XPS take off angles are referenced with respect to the
surface normal (higher angles are more surface sensitive). At small take
off angles, the X-ray photoelectrons are dominated by the bulk signal.
For LaAlO3 at 0°, the intensity ratio of Al to La corresponds to 1:1
composition in Al to La and therefore can be used for normalization of
the intensity ratio. The ratio of integrated intensities is given in Fig. 5
along with the calculated angle dependent intensity ratios for different
surface compositions. (See Ref. [12,27] for details of the fitting
method.) These results indicate that the (110) terminated surface has an
extra AlOx/(1×1) and the (111) terminated surface has 2.5AlOx/
(1×1) in excess. The surface composition obtained from XPS provided
a constraint on feasible surface structures for the (2×1) surface re-
construction. Therefore, we focus on structures with an extra AlOx/
(1×1) for both density functional theory calculations and subsequent

Fig. 1. Bright field transmission electron microscopy image in (a) and the corresponding electron diffraction in (b) along the [110] zone with the beam stop over the
direct beam. The half-ordered spots (marked by the white arrow) in the diffraction pattern originate from distortions of the cubic to a rhombohedral cell.
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image simulations.
Turning now to the surface atomic structure, one Al atom per

(1× 1) unit cell on a valence neutral (110) surface was used as a
constraint to identify several possible structures – there are only a few
possibilities that satisfy the constraints. These structures were relaxed
using DFT calculations. The surface enthalpy per (1× 1) for each of
these structures was calculated as

=
− −

×

E E nE mE
N2surf

slab bulk AO

1 1

where n is the number of bulk unit cells in the slab, m is the number of

excess Al2O3 on the surface, Eslab is the total energy of the slab, Ebulk and
EAO are the energies of bulk LAO and Al2O3 and N1 × 1 is the number of
(1×1) surface cells.

The calculated surface enthalpies were used to construct a convex
hull for the (110) surface of LAO. The convex hull construction connects
the minima in surface energy as a function of surface composition.
Energies across different compositions cannot be compared, but ther-
modynamic stability for a given composition can be inferred. A number
of structures previously relaxed for the (3× 1) surface reconstruction
on the (110) surface were also used in the convex hull construction
[12]. Since only the (3× 1) surface structure has been solved on the

Fig. 2. Bright field and dark field transmission electron microscopy images in (a) and (b), respectively, along with the corresponding off zone diffraction pattern in (c)
along [110] oriented LAO. The bulk unit cell has been outlined in red and the (2×1) surface unit cell has been outlined in yellow along with a magnified view of the
diffraction pattern inset.

Fig. 3. Bright field images in (a) and (b) along with the corresponding off zone diffraction pattern inset along [111] oriented LAO. The lower magnification image in
(a) shows discrete thickness fringes and the magnified image in (b) shows a pronounced surface layer on the [110] edge.

Fig. 4. Experimental angle resolved X-ray photoelectron spectroscopy intensity ratio of O1s shoulder (OH) to main (O) peak of the (110) oriented LaAlO3 sample with
(2× 1) surface reconstruction.
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(110) LAO surface, it is difficult to accurately determine whether a
structure has been sufficiently solved as the lowest point in the convex
hull is not based on actual observed structures. In addition, the pre-
viously solved (3×1) [12] is a hydrated surface so a one to one
comparison is not valid (it lies on a point in a higher-dimensional plot
where chemisorbed water is also included). The convex hull construc-
tion is used as a measure of stability of the different (2× 1) structures.
Several (3× 1) structures and a dry stoichiometric (2× 1) are used to
provide a baseline.

Among the several possible structures (see CIF in Supplemental
Information) identified using the surface composition constraint for the

(2×1) surface, the s5 structure was found to be lowest and within
0.12 eV of the convex hull. While this is not an unconditional proof,
from our analysis it is the only structure that is both close enough and
satisfies the experimental constraints.

In addition to surface energies, structural and chemical stability can
also be inferred from bond valence sums (BVS). The values of BVS for
surface and subsurface atoms for the different (2× 1) structures are
listed in Table 1. The lowest energy structure (see Supplemental In-
formation s5.cif) has a tetrahedrally coordinated Al atom on the sur-
face. The bond valence sum of surface Al is 2.5 and for the two-in-
equivalent surface O are 1.5 and 1.8, respectively. Another

Fig. 5. Experimental angle resolved X-ray photoelectron spectroscopy intensity ratios of Al to La along with the calculated ratio using a layer by layer model in (a) the
(110) LAO surface and in (b) the (111) LAO surface. The simulated intensity ratio is normalized to the experimental value at 0° at which XPS spectra is primarily
comprised of the bulk signal.

Table 1
Bond valence sum of different sites on the surface and sub-surface of different DFT relaxed structure for the (2× 1) surface reconstruction on the (110) surface of
LaAlO3. (Atom labels are referenced to different sites in the CIF files included in the supplementary information).

Structure Thickness (Å) Surface Subsurface
Slab Vacuum Atom BVS Mult. Atom BVS Mult.

s1 21.84 8.16 Al002 2.09 4 Al003 2.67 4
O017 1.91 8 La010 3.19 2
O019 1.20 2 La011 2.90 2
O023 1.15 2 O015 2.19 2

s3 21.84 8.16 Al002 2.35 4 Al003 2.71 4
O017 1.80 8 La010 2.97 2
O022 1.81 4 La011 2.97 2

O015 1.80 2
s4 22.68 7.32 Al002 2.39 4 Al003 2.56 4

O017 1.72 8 La010 2.86 2
O023 1.56 2 La011 3.14 2

O015 1.67 2
O019 1.79 2

s5 22.86 7.14 Al002 2.50 4 Al003 2.66 4
O017 1.80 8 La010 2.69 2
O023 1.50 2 La011 2.96 2

O015 2.09 2
O019 1.66 2

O-vac 18.27 11.73 O019 1.82 4 La009 2.92 2
La010 2.96 2
Al002 2.44 4
O013 1.58 2
O016 1.77 2

c(2×2) 22.84 7.16 Al002 2.50 4 La028 2.66 4
Al003 2.36 4 La030 2.79 4
O068 1.48 2 O040 2.10 2
O069 1.57 2 O041 1.64 2
O048 1.75 8 O056 1.68 2
O051 1.72 8 O057 1.91 2

Al006 2.68 4
Al007 2.72 4
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configuration in which the surface Al atoms are in a tetrahedral co-
ordination was considered (see Supplemental Information s1.cif).
Structure s1 achieves tetrahedrally coordinated Al at the expense of
creating a sub-surface O-vac. This leads to reduction in the BVS of
surface Al and O to 2.09 and 1.15–1.20, respectively, which are un-
reasonably small. This configuration is energetically unfavorable
(0.7 eV/(1×1) higher than s5) as would be expected for such a re-
duced surface. Similarly, other configurations of Al coordinated with
three surface O (s3, s4) were found to be energetically unfavorable
(>0.7 eV higher). For completeness, a centered (2× 2) structure based
on the s5 structure was also considered but was higher in energy than
the s5 structure. (see energies in Fig. 6).

To cross-validate our interpretation, the (110) surface was also
studied in profile view on the (111) oriented LAO samples. The (110)
edge showed a distinct single layered surface structure. Annular bright
field (ABF), low angle annular dark field (LAADF) and high angle an-
nular dark field images (HAADF), with acceptance angles of 11–22
mrad, 40–90 mrad and 90–270 mrad respectively, are given in Figure 7.
The probe size was 0.08 nm at our imaging conditions. The (110) edge
is marked by a white arrow in images 7(a) and (b) and the corre-
sponding magnified edge is given in 7(d) and (e). Experimental LAADF
images show good contrast and periodicity of the (110) surface. As a
result, LAADF images were simulated using the multislice method for
comparison with experimental images using DFT relaxed structures,
both s5 and O-vac.

Images simulated using the s5 and O-vac structures are given in
Fig. 8b and c, along with the experimental image in 8a. Both structures
provide a qualitative match with the experimental image. However,
there is not enough information to discern from the experimental image
whether the true structure is an oxygen vacancy driven surface ordering
(O-vac) or the tetrahedrally coordinated excess surface Al since these
are projection images. However, given the DFT results the s5 structure
is the most probable by a significant preponderance of the evidence.

In summary, X-ray photoelectron analysis, electron microscopy
imaging, image simulations and DFT calculations of surface energy
were used to understand composition and structure of the (110) or-
iented LAO with a (2×1) surface reconstruction. Our results show that
the (2× 1) surface reconstruction on (110) LAO is single layered and Al
rich. The convex hull construction of the 1Al per (1×1) surface shows
that the s5-structure (see supplemental information for CIF) with

tetrahedrally coordinated Al is feasible. Profile imaging of (110) surface
on the (111) oriented single crystalline sample also shows a qualitative
match with the s5 structure. Understandings of surface reconstructions
on SrTiO3 and more recent work on rare earth scandates can be ap-
plicable to LAO, which we leave to future work.

Fig. 6. DFT calculated convex hull construction of the LaAlO3 (110) surface as a function of excess surface AlO1.5/(1×1) concentration. (Deviation in the surface
energy values has been marked with red error bars with error values of± 0.1 eV.).

Fig. 7. (a) Annular bright field, (b) low angle annular dark field and (c) high
angle annular dark field images of the edge of a sample of [111] oriented LAO.
The distinct features on the (110) surface in (a) and (b) are marked with a white
arrow. (d) – (f) are magnified images of edge features in (a) – (c). The accep-
tance angles for ABF, LAADF and HAADF were 11–22 mrad, 40–90 mrad and
90–270 mrad, respectively.
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