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Abstract 

For the first time, 5 X 5 surface reconstruction on annealed LaAIO3{100} surfaces is observed with reflection high-energy 
electron diffraction (RHEED) and reflection electron microscopy (REM). Most of the {100} surface areas are covered by the 
reconstructed layer. The presence of twin boundaries and protrusion contaminants on the surface has no influence on the 
formation of the reconstruction. Surface steps may enhance the surface reconstruction but are not essential to initiate the 
reconstruction. This feature is interpreted based on the adsorption models of oxygen on surface steps. 

Keywords: Lanthanum-aluminate; Reflection electron microscopy (REM); Stepped single crystal surfaces; Surface structure, morphology, 
roughness, and topography 

1. Introduction 

In our previous paper on the surface structures of 
LaAIO3{100} [1], hereafter referred to as Paper I, 
surface step structures, dislocation and twin bound- 
aries have been studied in detail. The reconstruction 
of LaA103{100} was also noticed in the patterns of 
reflection high-energy electron diffraction (RHEED). 

As illustrated in Paper I, LaAIO3{100} is an optimum 
substrate for the growth of high-temperature super- 

conductor YBazCu307_ x thin films. The reconstruc- 
tion of surface atoms may critically affect the nucle- 
ation and growth of epitaxial films on LaAIO3{100} 
substrates, because the reconstructed surface may not 
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preserve the smallest mismatch between the substrate 

and YBa2Cu30 7 x films. Thus the growth direction 
and quality of the films may be greatly affected. In 
this paper, we present our detailed studies of the 
5 × 5 reconstruction on LaAIO3{100}. RHEED and 
reflection electron microscopy (REM) are combined 
to define the surface reconstruction. Relationships 
between surface reconstruction and the distribution 
of surface steps and {100} twin boundaries will be 
illustrated. 

2. Experimental results and analysis 

For REM observations, bulk specimens were pre- 
pared by cutting LaAIO 3 single crystal sheets into 
pieces with dimensions of about 2.5 X 1 X 0.8 mm. 
The (100) surface was mechanically polished before 
annealing. The polished surface was annealed at 
1500°C for 20 h in air. REM images were recorded 
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Fig. 1. RHEED patterns recorded from an annealed LaAIO3(100) surface showing the reconstruction of the surface top atomic layer. The 
double splitting of the superlattice reflections in (b) have resulted from the twin structure of the crystal (see text). (c) RHEED pattern 
recorded when the specimen is tilted to show the reconstruction along the direction perpendicular to the beam. 
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with Philips EM430 (300 kV) and Philips EM400T 
(120 kV) TEMs. The high-resolution REM (HR- 
REM) images were taken at 300 kV with the Philips 
EM430. Detailed experimental method and instru- 
ments have been introduced in Paper I. 

LaA103 is a face-centered rhombohedral structure 
[2]. The structure is that of  distorted-perovskite with 
lattice constant a = 0.3788 nm and c~ = 90.066 °. In 
the structure unit cell, the La 3+ ion locates at (000), 

1 1 1 0 2 the A13+ ion at (5~5) ,  and the ions at the 
face-centers 1 {550}. {100} twin planes are frequently 
seen, which are formed during the phase transforma- 
tion of LaAIO 3 [3]. 

In this section, we first present experimental re- 

suits to identify the surface reconstruction. Then we 
will illustrate the relationship between the observed 
surface reconstruction and the surface defects and 
steps. 

2.1. 5 X 5 surface reconstruction 

Fig. 1 shows a group of RHEED patterns recorded 
from an annealed LaA103(100) surface when the 
incident beam strikes the surface near the [001] 
azimuth. In Fig. l a, two strong superlattice reflec- 
tions are seen between bulk reflections (1000)  and 
(10 1 0). The two superlattice reflections are sepa- 
rated by ~(020) and ~(020), respectively, from the 

Fig. 2. REM images recorded using (a) the (10 0 0) specularly reflected beam and (b) the superlattice reflections, showing the distribution 
of 5 X 5 reconstruction on the (100) surface. 
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(1000)  and (10 1 0) bulk reflections. On the right- 
hand side of (10 1 0) reflection, four equally-spaced 
superlattice reflections are seen. 

In Fig. la, a weak reflection located half-way 
between the two superlattice reflections is seen. In 
order to find the origin of this reflection, the follow- 
ing study was performed. As presented in Paper I, 
{100} twin structures are observed in LaA103, which 
can cause a double splitting of the Bragg reflected 
spots. We now slightly change the illumination area 
and increase the convergence of  the incident beam, 
so that the diffractions from the twin grains are 
equally seen in the pattern, as shown in Fig. lb, 

where the superlattice reflections are doubled in 
comparison to those shown between the (100 0) and 
(10 1 0) bulk reflections. The matrix reflections, 
such as (1000)  and (10 1 0), are also doubled, but 
the doubling is not seen in the displayed pattern due 
to their overexposure. This pattern is consistent with 
the conclusion that the weak spot seen between the 
two superlattice reflections in Fig. la came from the 
surface diffraction of one of  the twined grains which 
was not strongly excited. 

To see the equivalent excitation of  the superlattice 
reflection along [010], a direction parallel to the 
(100) surface, the crystal was slightly rotated and the 

Fig. 3. High-resolution REM images of the LaA103(100) surface, showing the interference fringes between (10 0 0) and the superlattice 
reflected beams; (b) is an enlargement of the area b indicated in (a). 
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cor responding  pat tern is shown in Fig.  lc .  Three  owed  by  the br ightness  of  the (800) beam.  The 
superla t t ice  ref lect ions are c lear ly  seen. The superlat-  superla t t ice  ref lect ion next  to the (710) is seen. 
rice ref lect ion next to the (800) ref lect ion is shad-  Therefore,  as a summary  of  Fig.  1, superla t t ice  

Fig. 4. High-resolution REM images of the LaA103(100) surface, showing the interference fringes between (10 0 0) and the superlattice 
reflected beams; (b) and (c) are the enlargements of the areas b and c indicated in (a), respectively. 
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reflections equally separated by ~(010) of LaA103 
are seen. The patterns, however, can be interpreted 
by either of the following two possible structures: (1) 
5 × 5 surface reconstruction, or (2) a second phase 
which has a supercell that is five times the cell for 
LaA103. An example in correspondence to case (2) 
has been observed on MgO{100}, which displayed 
the " 4  X 4"  superlattice reflections when annealed 
to 1200°C in situ, and the superlattice reflections 
were due to the formation of the MgO 2 phase on the 
surface [4]. 

To determine which structure we have seen, REM 
images are recorded using the (10 0 0) specular 
reflection and the two superlattice reflections dis- 
tributed between (10 0 0) and (10 1 0), and the 
results are shown in Figs. 2a and 2b, respectively. In 
the image recorded using (10 0 0) (Fig. 2a), the 
surface shows brighter and darker contrast regions. 
In the image recorded with the superlattice reflec- 
tions (Fig. 2b), the contrast is reversed in comparison 
to Fig. 2a. In Figs. 2a and 2b, the contrast is 
complementary. The surface is rather smooth and 
there is no surface roughness in the areas which 
produce the superlattice reflections. Based on the 
previous studies of MgO(100) [4], the surface mor- 
phology would be rough if there were a second 
phase being formed on the surface, Therefore, the 
LaA103(100) surface exhibits the 5 x 5 reconstruc- 
tion. The reconstructed surface areas show darker 
contrast in the REM image recorded using the (10 0 
0) reflection because of the reduction of the (10 0 
0) reflected intensity due to the simultaneous excita- 
tion of the superlattice reflections. 

The dark particles, which were found to be S i -  
La -O in Paper I, are "randomly"  distributed on the 
surface, and they do not show any preference to 
distribute on either the 5 × 5 reconstructed (bright 
contrast areas in Fig. 2b) or the unreconstructed 
(dark contrast areas in Fig. 2b) surface regions. 
Microanalysis with energy dispersive X-ray spec- 
troscopy with a scanning electron microscopy shows 
that the Si content is below the detection limit, which 
is typically about 1%-2%. Thus, the surface recon- 
struction appears to be uncorrelated with the pres- 
ence of S i - L a - O  particles. 

In order to confirm the existence of the 5 × 5 
reconstruction, HR-REM images are recorded by 
selecting the (10 0 0) and superlattice reflected 

beams using a larger objective aperture, and the 
corresponding image is shown in Fig. 3a. Structures 
analogous to those shown in Fig. 2a are seen. Fig. 3b 
is an enlargement of the area b indicated in Fig. 3a. 
Two characteristics are seen. First, the reconstructed 
surface areas exhibit fringes, which are equally 
spaced with a separation of 1.89 nm. The unrecon- 
structed regions are in brighter contrast and do not 
display fringes. The fringes can only be seen in the 
near focus region due to the smaller depth of focus 
for a larger objective aperture. 

Fig. 4 shows another group of HR-REM images 
of the (100) surface. These images share the same 
characteristics as those seen in Fig. 3. Figs. 4b and 
4c are enlargements of the areas b and c, respec- 
tively, indicated in Fig. 4a. Fringes separated by 0.95 
nm are seen in Fig. 4b. The 1.89 nm fringes ob- 
served in Fig. 4c are the same type of structure as 
seen in Fig. 3b. It is apparent that the contrast of the 
0.95 nm spaced fringes is better than that of the 1.89 
nm spaced fringes. 

The HR-REM images shown in Figs. 3 and 4 
have confirmed the existence of the 5 x 5 recon- 
struction on the annealed LaA103{100} surfaces. The 
fringes are the interference of the superlattice reflec- 
tions with the (10 0 0) beam, as interpreted in the 
following. 

To understand the spacing of the fringes seen in 
Figs. 3 and 4, Fig. 5 shows a schematic of the 
reflected beams observed near the (10 0 0) reflec- 
tion as shown in Fig. la. There are four superlattice 
reflections between (10 0 0) and (10 1 0), as indi- 
cated with S 1 to S 4. In correspondence to S t to S 4, 
S' 1 to S 4 are the symmetric spots on the left-hand 
side of (10 0 0). S: and S 3 are the two strong 
superlattice reflections indicated by arrowheads in 

I- -I f- . . . . . .  
II I I (I1~ I II) 

A 0 01 IO 0 • 

Ot~iectivc aperture 

Fig. 5. A schematic diagram showing the distribution of superlat- 
tice reflections near the bulk reflections in reference to Fig. la. 
The darkness of the spot qualitatively indicates the intensity of the 
reflected beam. 
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Fig. la. S 1 and S 4 a r e  two weak reflections. The 
circle indicates the objective aperture used for HR- 
REM imaging. Since S 1 is separated by 1(010) from 
(10 0 0), the interference of the two produces fringes 
with equal spacing of 5a = 1.89 nm, in agreement 
with the experimental observations shown in Figs. 3 
and 4. The interference between S 2 and (10 0 0) 
gives fringes with separation which is half of that 
produced between S 1 and (10 0 0), thus exhibiting 
the 0.95 nm fringes seen in Fig. 4. Therefore, S l and 
S 2 are generated from the rescattering of  the (10 0 
0) beam. Similarly, S 3 and S 4 are generated from the 
rescattering of the (10 1 0) beam. Thus, S 4 is equiv- 
alent to S l, both showing weak intensity; and S 3 is 
equivalent to S 2, both showing strong intensity. The 
weak intensity of S t in comparison to that of  S 2 
results in the poorer contrast of the 1.89 nm fringes 
than that of the 0.95 nm fringes, as observed in Figs. 
4b and 4c. 

The weak intensity of  S 1 in comparison to that of 
S 2 may give us a hint about the types of units which 
compose the supercell of 5 X 5 reconstruction. S 1 is 
weak but is not forbidden. Thus, there are probably 
two types of units in the supercell, giving reflections 
that are out of  phase for the S l beam and are in 

phase for the 8 2 beam. Determination of the distribu- 
tion and symmetry of the units is probably beyond 
the limit of REM. 

2.2. Twin boundary and surface reconstruction 

As presented in Paper I, {100} twin boundaries 
were usually observed, but few dislocations were 
found. Fig. 6 displays two REM images of the 
surface areas which exhibit twin boundaries as indi- 
cated by arrowheads. The surface areas which show 
the 5 x 5 reconstruction (in darker contrast) extend 
across the twin boundaries without being interrupted. 
There is no indication that the twin boundary nucle- 
ates, extends or limits the surface reconstruction, 
provided one is cautious about the difference in 
contrast purely introduced by a slight rotation of the 
twin crystals (i.e. diffraction contrast). Therefore, the 
formation of  the 5 X 5 reconstruction has no connec- 
tion with the twin boundaries intersecting the sur- 
face. 

2.3. Step distribution and surface reconstruction 

For semiconductor surfaces, typically the 7 X 7 
surface reconstruction of S i ( l l l )  for example, the 

Fig. 6. REM images of the LaA103(100) surface around twin boundaries. 
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nucleation of the reconstruction is directly associated 
with the surface steps [5]. It is thus necessary to 
examine the relationship between the 5 X 5 recon- 
struction and the distribution of surface steps. [001] 
and [010] faceted surface steps are frequently ob- 
served on the (100) surface of LaA103. In the REM 
image shown in Fig. 7a, the reconstructed and unre- 

constructed surface areas are seen and show distinct 
contrast. Some of the reconstructed areas extend 
across the step without being interrupted. On some 
of the surface terraces, both the reconstructed and 
unreconstructed surface areas co-exist and there is no 
step to isolate them. In most cases, the reconstructed 
and non-reconstructed surface areas are not separated 

Fig. 7. REM images of the LaAIO3(100) surface, recorded under the diffracting conditions shown in Fig. la, showing the distribution of the 
reconstructed surface areas. Beam azimuth [001]. 
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by steps. In Fig. 7b, many [001] and [010] steps are 
seen and the entire surface is almost covered by the 
reconstructed layer. 

Fig. 8a shows a REM image which exhibits many 
steps. The surface areas with many densely dis- 
tributed steps are almost entirely covered by the 
reconstructed layer. The flat areas, as seen on the 
left- and right-hand sides, are partially covered by 
the reconstructed layer. It is noticed that the bound- 
aries between the reconstructed and unreconstructed 
surface regions tend to be parallel to [010]. A few 
S i - L a - O  particles are also seen, but there is no 
association between the surface contaminants and the 
formation of the reconstruction. This point is clearly 
seen in Fig. 8b, which displays a REM image 
recorded from a surface area without any S i - L a - O  
particles. The surface is almost completely covered 
by the reconstruction layer, especially near the areas 
with densely distributed steps. 

Large plateaus can be formed on the (100) sur- 
face. Figs. 9a and 9b show REM images recorded 
from the left- and right-hand side, respectively, of a 
plateau region. The plateau is flat and displays 5 × 5 
reconstruction. The surrounding area of the plateau 
shows many steps, the distribution of which is simi- 
lar to the distribution of "tiles on a roof".  Almost 
all the steps are along [001] and [010]. Most of the 
" t i les"  are covered by the 5 × 5 reconstruction. 
Only a few foreign fragments stand on the surface. 
In Fig. 9a, the unreconstructed area is more pro- 
nounced at the edge of the plateau (see the bright 
contrast area). 

As a summary, the 5 X 5 reconstruction is ob- 
served. The twin boundaries and surface contami- 
nants have little influence on the formation of the 
reconstruction. The surface steps can enhance the 
surface reconstruction but are not essential to initiate 
the reconstruction. This can be explained as follows. 

Fig. 8. REM images of the LaAIO3(100) surface, recorded under the diffracting conditions given by Fig. la, showing the distribution of the 
reconstructed surface areas in the regions where there are many surface steps. Beam azimuth [001]. 
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Fig. 9. REM images of the (a) left- and (b) right-hand sides of a plateau area on the LaAIO3(100) surface. Many [001] and [010] steps are 
seen, and the surface exhibits the "t i les on a roof" structure. Beam azimuth [001]. 

In Paper I, we have found that the LaA103(100) 
surface can be terminated entirely with either the 
La-O layer or the A1-O layer, but not the mixture of 
the two. This result is schematically shown in Fig. 
10, where, for simplification, only the atoms on the 
top surface layer are shown. For ionic oxides, the 
force acting on the surface atoms can be qualitatively 
determined from the charges of neighboring atoms 
and their structure symmetries. Since the specimen 
was annealed in air, it is very possible to have 
surface adsorption of oxygen. Based on the structure 
symmetry and the charge distribution near the steps, 

(~ Oxygen 

Q Lathanum 

0 Aluminum 

Fig. 10. Schematic models showing the adsorption of oxygen on 
the surface steps if the surface termination is (a) L a - O  or (b) 
AI-O.  

the possible models for oxygen adsorption on the 
steps are shown in Figs. 10a and 10b. One adsorbed 
oxygen atom is associated with a La or A1 atom 
(note the two adsorbed oxygen atoms shown in Fig. 
10a are shared by two unit cells). These models 
preserve not only the structure symmetry but also the 
valence states of La and A1. For the La-O termi- 
nated surface (Fig. 10a), one oxygen atom is ad- 
sorbed per unit step length. Thus the ionic electro- 
static force (or bonds) on the La atom located at the 
step edge is close to being balanced in the plane 
parallel to the surface. Thus the positions of the La 
atoms may not change at least in the direction paral- 
lel to the (100) plane. If the surface is terminated 
with the A1-O layer (Fig. 10b), one oxygen atom is 
adsorbed per unit step length, and the adsorbed 
oxygen stands on the AI atom. The oxygen adsorp- 
tion on the step formed by the A1-O terminated 
terraces is different from that formed by La-O ter- 
minated terraces because A1 and La have non-equiv- 
alent oxygen distributions in LaA103. In this config- 
uration, the electrostatic force on the La atom located 
on the step is almost balanced. Thus they may not be 
active to initiate the surface reconstruction. Based on 
these models, surface reconstruction is unlikely to be 



Z.L. Wang, A.J. Shapiro~Surface Science 328 (1995) 159-169 169 

directly initiated from the surface step, in agreement 
with the experimental observations. 

Finally, it must be pointed out that the 5 X 5 
reconstruction remained on the surface even after the 
specimen was exposed to air at room temperature for 
more than a month. Thus the reconstruction reported 
here is a stable structure of the surface. 

Numerous reconstructions have been observed on 
surfaces of ionic oxides. A (v~ X v~-)R30 ° recon- 
struction has been reported on the NiO(ll 1) surface 
[6] and the annealed MgO(l l l )  surface [7]. The 
annealed a-Al203 (1102) and (1100) surfaces have 
been found to show reconstructions [8,9]. Recon- 
struction can also be initiated when the TiO2(001) 
surface is contaminated by a-A120 s during an an- 
nealing experiment [10]. A (~/ff X v/if)R26.6 ° recon- 
struction on reduced SrTiO3(100) has been observed 
[11]. However, determining the nature of these sur- 
face reconstructions is probably beyond the limit of 
RHEED and REM. 

3. Conclusion 

For the first time, 5 X 5 reconstruction on an- 
nealed LaA103{100} surfaces is observed with reflec- 
tion high-energy electron diffraction (RHEED) and 
reflection electron microscopy (REM). Most of the 
{100} surfaces were covered by the reconstructed 
layer. It is suggested from RHEED observation that 

the reconstructed supercell may be composed of two 
types of structural units which have different struc- 
tures. The presence of twin boundaries and S i -La -O  
contaminants on the surface have little influence on 
the formation of surface reconstruction. The [001] 
and [010] surface steps may enhance the reconstruc- 
tion but are not essential to initiate the reconstruc- 
tion. The non-catalytic effect of surface steps in 
producing the reconstruction is interpreted based on 
the adsorption models of oxygen on surface steps. 
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