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Abstract 
 
 
This work describes detailed convergent beam electron diffraction (CBED) studies 

of GdAlO3 and LaAlO3 perovskites. CBED patterns tilted away from major zone 

axes have been found to have high sensitivity to the presence of mirror or glide 

mirror symmetry. Such patterns confirm to high accuracy that the space group of 

GdAlO3 is orthorhombic, Pnma. Tilted patterns from this well characterised 

structure also serve as benchmarks against which similar patterns may be 

compared. In the case of LaAlO3, tilted patterns enable the space group to be 

confirmed as rhombohedral R 3c, previously claimed to be cubic (Fm 3c) by CBED. 

Furthermore, no evidence for the low symmetry (I2/a or F1) phases proposed for 

LaAlO3 has been observed. The LaAlO3 study also gives a careful assessment of 

the influence of tilted specimen surfaces on the CBED data. Within the qualitative 

scope of these experiments, no symmetry degrading effects could be observed. 

 

Some preliminary Quantitative CBED (QCBED) data from LaAlO3 is also 

presented. This shows it will be possible to make a detailed study of the bonding 

charge density (Δρ ) in this material when combined with X-ray diffraction data. 
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Also included is a brief CBED study of LaFeO3, a material that is isostructural with 

GdAlO3. Although this is restricted to exact zone axis patterns, it is noted that 

tilted patterns have significant potential to improve the quality of the symmetry 

determination. 
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Chapter 1 
 
Rare-Earth Perovskite Oxides 
 

 

1.1 Overview 
 

The perovskites are of great interest in materials science because they display a 

diverse range of physical and chemical properties. Perovskites with interesting 

dielectric, magnetic, electrical, optical and catalytic properties are all known, 

making them suitable for many technological applications (Woodward, 1997a). 

From a structural point of view, most perovskites are slightly distorted from the 

ideal cubic (Pm 3m) structure and these distortions can have important effects on 

physical properties. For this reason, accurate structural studies of distorted 

perovskites are of significance. 

 

The rare earth aluminates (RAlO3) R = La, ...Lu, are a series of perovskite materials 

that have attracted attention because of their dielectric properties (Cho et al., 1999) 

and in the case of LaAlO3, use as a superconductor substrate (Berstresser et al., 

1991). Across the series two distinct structural phases exist at room temperature. 

For R ≥ Sm the structure is orthorhombic, Pnma, while for R ≤ Nd the structure is 

widely regarded as rhombohedral, R 3c (see §1.4 and §1.5). Despite this, accurate 

structural studies of the R ≤ Nd aluminates by single crystal, X-ray diffraction are 

particularly difficult to achieve. The reasons are as follows: 

 

In the rhombohedral model, the small movement of weakly scattering O atoms 

away from their ideal cubic sites is the most significant deviation from cubic 
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symmetry. In XRD, this leads to groups of systematically weak reflections that are 

difficult to measure accurately. In addition, the small rhombohedral distortion 

leaves single crystal specimens susceptible to twinning. The presence of many twin 

domains in supposed 'single crystal' specimens complicates the interpretation of 

diffracted intensities. Both these problems were particularly acute in single crystal 

XRD studies of NdAlO3 and LaAlO3 by du Boulay (1997) and led to serious 

difficulties in space group determination and structure refinement. 

 

In addition to the above, the space group of LaAlO3 has been the subject of some 

dispute following a CBED study by Yang et al. (1991). Their study claims LaAlO3 is 

cubic with space group Fm 3c, in conflict with the more commonly accepted 

rhombohedral structure. Their report, together with the difficulties encountered by 

du Boulay, has led to the present re-examination of selected perovskite materials as 

outlined below. 

 

This thesis describes detailed CBED studies of GdAlO3 and LaAlO3 and a brief 

CBED study of LaFeO3. All work is conducted at room temperature and the 

primary objective is accurate space group determination.  

 

The present chapter reviews the structural investigations of the rare earth 

aluminates (RAlO3) and rare earth orthoferrites (RFeO3) at room temperature. 

Chapter two outlines the CBED techniques used to obtain unit cell and symmetry 

information. A significant observation of this chapter (§2.5) is that CBED patterns 

tilted away from major zone axes are very sensitive to the presence of mirror or 

glide mirror symmetry. These tilted patterns are used extensively in subsequent 

chapters. 

 

In chapter three the space group of GdAlO3 is re-determined by CBED. This 

material is well characterised by XRD and the present work confirms, in detail, the 

accepted Pnma space group. The focus, however, is on the tilted CBED patterns 
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which show that n, a and m symmetries may be observed with high accuracy - a 

confirmation of the accuracy of the tilt method. Chapter three also includes a short 

CBED study of Pnma, LaFeO3, the lightest member of the RFeO3 series. 

 

In chapter four a detailed CBED study of LaAlO3 is described that shows the space 

group is clearly R 3c. This work overcomes the difficulties due to twinning by 

selecting single domain regions for analysis and uses tilted CBED patterns to 

characterize the symmetry of the weak, odd-order reflections. These tilted patterns 

clearly show the breakdown of cubic symmetry in LaAlO3. Furthermore, the Fm 3c 

symmetry proposed by Yang et al. (1991) is found to be incorrect. A critical 

examination of that study shows their CBED data is, in fact, consistent with R 3c 

symmetry. 

 

Some of the work outlined above is also included in a recently published paper, 

'Sensitive detection of mirror symmetry by CBED applied to LaAlO3 and GdAlO3' 

Jones, D. M. (2007). Acta Cryst. B63, 69-74, presented in appendix A. 

 

Another objective of the single crystal, XRD studies by du Boulay (1997) was to 

determine the bonding charge density ( Δρ ) in LaAlO3 and GdAlO3. This quantity 

represents the rearrangement of electron density in the crystal due to interatomic 

bonding. To determine Δρ  in XRD, the scattering is usually assumed to be 

kinematic so the approximation   Ig ∝ Fg

2
 holds. However, in hard, inorganic 

materials containing rare earth atoms, the likelihood of multiple scattering is 

increased and the kinematic approximation breaks down. This problem is referred 

to as 'extinction' and leads to the inaccurate measurement of low order structure 

factors and thus Δρ . 

 

In studies of LaAlO3 and GdAlO3 by du Boulay (1997), the XRD data was severely 

affected by extinction. This difficulty, however, can be overcome by using 
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quantitative CBED (QCBED), which accounts for multiple scattering and enables 

the accurate measurement of low order structure factors (Spence, 1993). In chapter 

four, some preliminary experiments are presented that show excellent QCBED 

data can be obtained from LaAlO3. It is also noted that a combination of QCBED 

data with twin-free, XRD data should yield a set of LaAlO3 structure factors, 

sufficiently accurate for meaningful Δρ  analysis. To date, such an analysis is yet to 

be achieved. 

 

 

 

1.2 Perovskite Structures - Ideal and Distorted 
 

Simple perovskite materials have the general formula ABX3, where A and B are 

cations and X is an anion, usually oxygen or fluorine. The ideal structure is cubic, 

with space group Pm 3m and is displayed in figure 1.1. Here the A atom occupies 

the body-centre of the cube, the B atoms the cube vertices and the anions, X, the 

vertices of each octahedron. 

 

 
 

Figure 1.1 Ideal cubic perovskite structure 
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Although some perovskites adopt the ideal structure (eg. SrTiO3 at room 

temperature) the great majority of perovskite structures are distorted. To a first 

approximation, the structural distortions can be modeled by a combination of two 

effects (Glazer, 1972): 

(1) Rotation of essentially rigid BX6 octahedra about their B atom centres. This 

rotation maintains the corner-shared connectivity of the BX6 network. 

(2) Displacement of the A and B cations from their ideal sites. 

A large body of experimental data on perovskite structures exists and this shows 

that the above distortions lead to a wide range of lower symmetry structures1. For 

example, structures with tetragonal, orthorhombic, rhombohedral, monoclinic and 

triclinic symmetry are all known. 

 

In general, octahedral tilting occurs when the central A cation becomes too small 

for the cubic, corner sharing BX6 network. Under these circumstances the 

octahedra tilt away from their ideal alignments to a more optimal, lower energy 

structure. A number of authors have shown that the driving force behind the tilt is 

the need to optimise the A atom coordination to its surrounding anions. For 

instance, Woodward (1997b) performed semi-empirical energy calculations using 

both ionic and covalent models on a number of ABO3 systems. Both models 

showed that when the A cation becomes small and the tilt angles large, an 

orthorhombic (Pnma) structure becomes strongly favoured. 

 

The most influential work on the geometrical effects of octahedral rotation was 

done by Glazer (1972). That author showed that 23 different tilted perovskite 

structures are possible. It is a remarkable fact that the majority of perovskite 

structures adopt very few of the 23 possible tilt systems. Extensive reviews of the 

experimental data by Thomas (1994, 1996a) and Woodward (1997b) show that most 

distorted perovskites adopt the orthorhombic, Pnma, structure followed by the 

rhombohedral (R 3c, R3c) structure. This observation is of particular relevance to 
                                                 
1 For example, see Woodward, 1997b 
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the materials considered in this thesis. As discussed below, the commonly 

accepted space group of GdAlO3 and LaFeO3 is Pnma whereas that of LaAlO3 is 

R 3c. 

 

1.3 The Rare Earth Aluminates and Orthoferrites 
 
The rare earth aluminates and orthoferrites have formulae RAlO3 and RFeO3, 

where R = La, Ce, ..., Lu. The RAlO3 have attracted attention due to their 

dielectric/ferroelastic properties (Cho et al., 1999; Kim et al. 2001) while members 

of the RFeO3 compounds have useful antiferromagnetic properties (Scholl, 2000). 

As the rare earth atomic number increases from La to Lu, the R atom radius 

decreases due to the lanthanide contraction. This makes structural studies of the 

RAlO3 and RFeO3 across the rare earth series particularly informative because it 

allows structural distortions in these materials to be monitored as a function of R 

atom size. 

 

The earliest reliable RAlO3 study was done by Geller and Bala (1956), using both 

powder and single crystal X-ray diffraction. Those authors examined the R = La, 

Pr, Nd, Sm, Eu and Gd members of the RAlO3 series. That work was later extended 

by Dernier and Maines (1971) who examined the R = Dy, Ho, Er, Tm, Yb and Lu 

members using powder XRD. Both studies found that the heavier rare earth 

aluminates (R ≥ Sm) have an orthorhombic, Pnma, structure. In contrast the lighter 

aluminates (R = La, Pr and Nd) were found by Geller and Bala to adopt a 

rhombohedral R 3m structure. It is worth noting, however, that the R 3m 

classification was somewhat speculative as it was based on a small number of 

weak, odd order reflections on heavily overexposed photographic film. 

 

In 1972 Marezio et al. used single crystal XRD to re-examine NdAlO3 and SmAlO3. 

SmAlO3 was reconfirmed to be Pnma, whilst NdAlO3 was found to be 
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rhombohedral, but with space group R 3c. The following structural model for the 

RAlO3 therefore emerges: 

• For the heavier, more distorted aluminates (R ≥ Sm) the orthorhombic, Pnma, 

structure is adopted. 

• For the lighter, less distorted members a more symmetric, rhombohedral 

structure is suggested. 

The specific nature of the orthorhombic and rhombohedral distortions will be 

discussed in §1.4 and 1.5. 

 

In contrast to the aluminates, the orthoferrites are isostructural across the entire 

rare earth series. Geller and Wood (1956) studied the La, Pr, Sm, Eu and Gd 

members using powder and single crystal XRD photographic techniques. That 

work was later extended by Marezio et al. (1970) who examined the Pr - Lu 

members using single crystal XRD. Both studies found all structures to be 

orthorhombic Pnma. 

 
It is interesting to note that the space group determined for the orthoferrites is 

(strictly) incompatible with the magnetic properties of these materials. The RFeO3 

display weak ferromagnetism at room temperature which derives from an 

imperfectly antiferromagnetic iron sublattice in these structures (Koehler, 1960). 

Antiferromagnetism implies structural polarity, yet the space group derived by 

Geller and Marezio for the RFeO3 is centrosymmetric Pnma. The discrepancy 

between the crystallographic and magnetic structure therefore amounts to the 

presence (or absence) of a centre of symmetry. This issue is discussed later in §3.5, 

where the space group of LaFeO3 has been redetermined by CBED. 

 

1.4 The Orthorhombic Structure 
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The orthorhombic, Pnma, distortion of the ideal perovskite can be understood in 

terms of two structural effects: (1) tilting of rigid (BO6) octahedra about their B 

cation centres and (2) displacement of the central A atom from its ideal cubic site. 

Since the description of the Pnma structure is a little involved, this section will be 

organised as follows. Firstly, the octahedral tilting in the Pnma structure will be 

described. Next, the structure will be described in terms of atomic sites and 

symmetries. Finally some structural trends within the RAlO3 and RFeO3 series will 

be briefly discussed. 

 
1.4.1 Octahedral Tilting in the Pnma Structure 

 
In the perovskite structure, the total effect of BO6 tilt can be difficult to visualise 

because adjacent octahehedra are corner linked. A simple way to understand this 

tilt is as follows: 

• Consider the ideal cubic structure displayed in fig 1.2  

• In the Pnma distortion, each BO6 octahedron in fig 1.2 is tilted about two 

independent axes (each axis passes through the B cation centre). 

• The tilt (θ ) rotates the octahedron about the [101] cube axis, a 2 - fold axis of the 

octahedron. 

• The other tilt (ϕ ) rotates the octahedron about the [010] cube axis (this is a 4 - 

fold axis of the octahedron in the untilted structure). 

 

In generating the Pnma structure using θ  and ϕ  tilts, the following should be 

emphasised. The application of one tilt does not affect the tilt axis of the following 

tilt operation. Both tilt axes remain strictly independent and aligned along the 

ideal, cubic [101] and [010] directions. Secondly, although the final structure does 

depend on the order of the tilts (3D rotations are non-Abelian), this effect is of 

second order due to the small size of the tilts (usually < 15˚). Finally, once the θ  

and ϕ  operations are performed, the ideal lattice deviates marginally from cubic. 
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For this reason the distorted, ideal, ABO3 cell is often referred to as the pseudo-

cubic cell. 

 

 
 

Figure 1.2 Schematic illustration of the BO6 tilts 
 (θ  and ϕ ) that occur in the Pnma structure, shown  

here wrt the ideal cubic structure 
 

 
 

Figure 1.3 Pnma structure of GdAlO3 in projection down the [010] axis. 
 Here the θ  and ϕ  axes correspond directly to the tilt axes shown in fig 1.2 
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Figure 1.3 shows the Pnma structure viewed along the orthorhombic b axis. The 

atomic positions are for GdAlO3 and result from a structural refinement by du 

Boulay, 2004. Here the orthorhombic b and a axes are parallel to the ideal cubic 

[010] and [101] directions respectively. 

 

Figure 1.3 clearly shows the effect of θ  and ϕ  tilts on the AlO6 octahedra. For 

instance, the octahedron at o is tilted away from its ideal alignment by (i) θ  tilt 

about the orthorhombic a axis, followed by (ii) anticlockwise ϕ  tilt about the 

orthorhombic b axis. The coupling between neighbouring octahedra then produces 

the modulated tilt pattern seen in the diagram. 

 

This coupling also allows the a and n glides in the Pnma space group to be easily 

observed. If the octahedron at o is translated along the a axis by a/2 and reflected 

about a mirror at c/4, the result will coincide with the middle octahedron in fig 1.3. 

This illustrates the presence of an a glide with mirror perpendicular to c. 

Alternatively, if the octahedron at o is translated along c by c/2, raised along b by 

b/2 and then reflected about a mirror at a/4, the result will connect neatly on top of 

the middle octahedron in fig 1.3. This demonstrates the presence of an n glide with 

mirror plane perpendicular to a. 

 

Figure 1.4 now shows the orthorhombic structure viewed along the a axis. In this 

figure three horizontal layers of AlO6 octahedra are stacked vertically along the b 

axis. The important feature of fig. 1.4 is the modulation in the tilt angle θ  for 

successive octahedra along b. This preserves mirror planes at b/4 and 3b/4 which 

are the final major symmetry element in the Pnma space group. 

 

1.4.2 Atomic Sites and Symmetries 
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The Pnma structure contains four pseudo-cubic ABO3 cells in the orthorhombic 

cell. This can be readily seen in GdAlO3 by considering figures 1.3 and 1.4. The 

atomic sites and symmetries for GdAlO3 may be quoted as follows. 

 

 
 

Figure 1.4 Pnma structure of GdAlO3 viewed 
along the a axis (a points into the page) 

 

Site Wyckoff 
Position 

Coordinate Symmetry 

Gd 4c x, 1/4, z m 
Al 4a 0, 0, 0  1  
O1 4c x, 1/4, z m 
O2 8d x, y, z 1 

 
                   Note: this description applies generally to any Pnma, ABO3, perovskite structure 
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Rather than discuss each atomic position in detail, the following brief remarks 

focus on the rare earth site Gd. These illustrate the second type of structural 

distortion that occurs in Pnma perovskites - displacement of the A site from its 

ideal, cubic location. 

 

Figure 1.3 shows eight Gd atoms, four of which are in the unit cell. The Gd atoms 

in the foreground are coplanar and on a mirror at b/4, while those in the 

background lie on the mirror at -b/4. Figure 1.3 clearly shows the small, in plane 

displacements of the Gd atoms away from their ideal locations (midpoints of the a 

and c axes). In general, Woodward (1997a), has shown these displacements allow a 

more energetically favorable coordination of the A cation to the surrounding 

oxygen anions in the distorted octahedral framework. 

 

1.4.3 Structural Variation within the RAlO3 and RFeO3 
 

Room temperature unit cell data for RAlO3 and RFeO3 has been collated by du 

Boulay (1997) from a range of authors (fig. 1.5). This usefully illustrates how the 

Pnma distortion varies across the RFeO3 and RAlO3 series as a function of R atom 

size. These structural trends are best discussed in terms of increasing rare earth 

size (decreasing Z) i.e. Lu → La. 
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Figure 1.5 Unit cell data for RAlO3 and RFeO3, reproduced from du Boulay (1997). 
           The cell data for the rhombohedral RAlO3 is given wrt an equivalent 
           monoclinic lattice - see §1.5.3.* Indicates no data is available for the  

radioactive Pm materials 
In the Pnma RFeO3 series, the most distorted member is LuFeO3 (Marezio, 1970), 

i.e. it has the largest octahedral tilt angles (θ , ϕ ) and the largest R atom 

displacement from the ideal location. As the R atom size increases from Lu to La, 

the RFeO3 structure adapts by decreasing the θ  and ϕ  angles, creating more space 

for a larger R cation. This is reflected in fig 1.5 by the smooth increase in the b and c 

cell dimensions on going from Lu to La. (Note: the a length variation is a little more 

involved, but has been successfully rationalised by Marezio, 1970). At the La end of 

the RFeO3 series the (θ , ϕ ) tilt is small enough for the orthorhombic lattice to 

closely approximate the ideal cubic lattice (Marezio, 1970). As a result the 

orthorhombic a and c axes of LaFeO3 are almost equal and LaFeO3 is frequently 

twinned2 (Marezio and Dernier, 1971). 

 

                                                 
2 Interchange of a and c 
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In the orthorhombic RAlO3 (Lu → Sm), the lattice parameter trends mimic those 

for the lighter orthoferrites (Gd → La) (fig 1.5). As the R atom size increases from 

Lu to Sm the orthorhombic RAlO3 structure becomes progressively less distorted, 

culminating in SmAlO3 which has an orthorhombic lattice that closely 

approximates ideal cubic. The near equivalence of a and c in SmAlO3 (fig. 1.5) 

heralds a structural phase change between SmAlO3 and NdAlO3. The small size of 

the AlO6 octahedra compared to the FeO6 octahedra means the RAlO3 cannot 

accommodate R atoms larger than Sm in the Pnma structure. As a result the Nd, Pr, 

Ce and La aluminates adopt an alternative rhombohedral structure (see §1.5.2). 

 

In fig 1.5 the lattice parameters for the rhombohedral materials are referred to an 

equivalent monoclinic lattice which preserves continuity with the orthorhombic 

component of the series3. Figure 1.5 shows the variation in the monoclinic cell 

dimensions is more erratic compared to the relatively smooth variation in the 

orthorhombic cell dimensions. This reflects both measurement difficulties and 

extensive crystal twinning encountered in these studies of the rhombohedral 

perovskites. The nature of this twinning is discussed later in chapter 4. 

 

 

1.5 The Rhombohedral Rare Earth Aluminates 
 
1.5.1 Structural Investigations 
 
Early powder and single crystal XRD studies of LaAlO3, PrAlO3 and NdAlO3 by 

Geller and Bala (1956) suggested that these materials were rhombohedral R 3m. 

Derighetti et al (1965) proposed R 3c symmetry as being more likely for these 

materials, based on nuclear magnetic and electron paramagnetic resonance 

techniques applied to LaAlO3. More recently, Berkstresser et al (1991), in an X-ray 

powder study of LaAlO3, reproduced the R 3m result of Geller and Bala. However, 

                                                 
3 See §1.5.3 
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the most recent XRD powder study of LaAlO3 (Lehnert, 2000) produced a powder 

diffraction trace consistent with R 3c symmetry. This work used a Guinier camera 

equipped with an image plate system to obtain high-resolution data. This finding 

is also supported by the comprehensive neutron powder diffraction work of 

Howard (2000) which examined the structure of the La, Pr and Nd aluminates over 

a wide range of temperatures. In their Rietveld refinements all diffraction patterns 

were well-fitted assuming space group R 3c. 

 

Single crystal XRD studies of the rhombohedral RAlO3 have proved to be more 

problematic. Du Boulay (1997) studied single crystal specimens of NdAlO3 and 

LaAlO3 using both synchrotron and tube source (Mo  Kα) X-rays. In the NdAlO3 

synchrotron study, the diffraction data was found to fit R 3c symmetry to good 

order. However, the tube source study of NdAlO3 suggested a lower symmetry, 

monoclinic, I112/b, structure, conflicting with the synchrotron result. In the case of 

LaAlO3, both tube and synchrotron experiments confirmed R 3c, but only 

indirectly. This work exhaustively excluded many single domain structural 

alternatives before refining the data using a multiply twinned R 3c model. 

However, problems remained in the twinned model because the final structure 

refinement contained atoms with anomalous vibrational amplitudes. 

 

In contrast with the above investigations, a CBED study by Yang et al (1991) 

indicated that LaAlO3 was cubic with space group Fm 3c. They report a zone axis 

with 4mm point group symmetry in their CBED data, inconsistent with a 

rhombohedral structure. In addition, Yang et al. identify low symmetry phases in 

LaAlO3 with probable I2/a and F  1 symmetry. They claim that the appearance of 

the R 3c structure in powder and single crystal diffraction data is deceptive due to 

the coexistence of high symmetry (Fm 3c) and low symmetry (I2/a or F  1) phases 

within the same crystal. 
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It is clear that some conflict still remains in the literature concerning the structure 

of the RAlO3 (R ≤ Nd) perovskites4. Although there is broad consensus among 

neutron and X-ray experiments that these structures have R 3c symmetry, the 

single crystal data has been difficult to interpret (particularly in the case of LaAlO3) 

due to extensive crystal twinning. Furthermore the conflict between the results of 

Yang et al. and the rest of the X-ray data make a fresh CBED study of LaAlO3 

particularly relevant. Such a study has been undertaken in chapter four of this 

thesis. 

 

1.5.2 The Rhombohedral Structure 

 

To first order, the structural distortions in R 3c perovskites involve tilting of rigid 

BO6 octahedra, with no cation displacement from the ideal sites. In the R 3c 

structure the BO6 octahedra rotate about one of the threefold axes of the ideal cubic 

structure (ω  in fig 1.6a). 

 

Figure 1.6 shows the effect of the ω  tilt in the R 3c structure when viewed along the 

trigonal axis (atom positions - LaAlO3; Howard, 2000). Here consecutive AlO6 

octahedra along the 3-fold axis tilt in a clockwise/anticlockwise fashion5. Also 

shown in fig 1.6 is the rhombohedral unit cell which appears as a hexagon in 

projection. An alternate view of the rhombohedral cell is also shown in fig. 1.7, 

viewed perpendicular to the triad axis. 

 

                                                 
4 Note: the structure of CeAlO3 previously thought to be R  3m (Kim, 1968) is now in 
serious dispute. An alternative tetragonal I4/mcm structure (Fu, 2004) has been proposed 
5 This generates the c glide in the structure 
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Figure 1.6 R  3c structure viewed  

along the trigonal axis 

 
Figure 1.7 Alternate view of the rhombohedral cell 

 

The AlO6 tilting along the 3-fold axis doubles the repeat length of the ideal 

structure in that direction. This results in a rhombohedral cell that contains two 

LaAlO3 formula units. With respect to rhombohedral axes, the atomic sites and 

symmetries for LaAlO3 may be quoted as follows: 
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Site Wyckoff 
Position 

Coordinate Symmetry 

La 2a 1/4, 1/4, 1/4 32 
Al 2b 0, 0, 0 3  
O 6e 3/4, 1/4+2δ , 1/4 -2δ  .2 

 
          δ  = 0.013 (Howard, 2000) 
 

In the rhombohedral RAlO3 the tilt angle ω  progressively decreases from NdAlO3 

(ω  = 9.5˚; du Boulay, 1997) to LaAlO3 (ω  = 5.8˚; Muller, 1968). This reflects the 

adaptation of the R 3c structure to the increasing R atom size from Nd to La (i.e. 

decreasing rhombohedral distortion). In all these structures the tilt angle is small 

which leads to cation lattices that approximate the ideal cubic structure very 

closely. For this reason, particularly in LaAlO3, the R 3c structure can be discussed 

using an alternative, but more convenient, pseudo-cubic lattice (see following 

section). 

 

Another point concerns the rhombohedral angles αr encountered in the R 3c 

RAlO3. These cannot be explained by a first order model involving the tilt of rigid 

AlO6 octahedra about the 3-fold axis. Using this model, Moreau (1970) has shown 

that a nonzero tilt angle ω  leads to values of αr that are marginally less than 60˚ 

(note: ω  = 0˚ ↔ cubic with αr = 60˚). In contrast the αr in the R 3c RAlO3 are all 

marginally greater than 60˚, ranging from 60.4˚ (NdAlO3; du Boulay, 1997) to 60.1˚ 

(LaAlO3; Geller and Bala, 1956). The reason for this is that the AlO6 octahedra 

themselves are not rigid but are slightly compressed parallel to the 3-fold axis 

(Megaw, 1975; Thomas, 1996). This has the effect of laterally expanding these R 3c 

structures about the 3-fold axis, raising αr from slightly below to slightly above 

60˚. The AlO6 compression along the 3-fold axis is also referred to as negative 

octahedral strain (η) and is a second order structural effect. For instance, Megaw 

has estimated that η(LaAlO3) = 0.993, meaning that the AlO6 unit is compressed to 

99.3% of its ideal value. 
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The interesting point about ω  and η is that there is no simple, geometric 

relationship between them (Megaw, 1975; Howard, 2000). Despite this, both 

authors have observed that the tilt angle ω  and octahedral strain η in the 

rhombohedral RAlO3 are coupled in some way by the R 3c structure. The precise 

nature of this coupling, particularly at the level of the chemical bonding, is, 

however, still open to inquiry. With this in mind, both experimental and 

theoretical investigations of the bonding charge density ( Δρ ) in the rhombohedral 

RAlO3 may be worthwhile. Amongst other things they have the potential to 

enhance the understanding of the physical connection between ω  and η. 

 
1.5.3 Alternate Lattices 
 
This final section discusses two alternate lattices useful for describing the 

rhombohedral RAlO3. The first of these is a face-centred, pseudo-cubic lattice and 

is used extensively in chapter four to describe nearly cubic LaAlO3. The 

relationship between the face-centred, pseudo-cubic cell (af, bf, cf) and the 

rhombohedral cell (ar, br, cr) is shown in fig. 1.8. This is also described by the 

transformation below: 

   

(a f ,b f ,c f ) = (ar ,b r ,cr )
-1 1 1
1 -1 1
1 1 -1

⎛ 

⎝ 

⎜ 
⎜ ⎜ 

⎞ 

⎠ 

⎟ 
⎟ ⎟ 
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Figure 1.8 

The face-centred cell is in fact rhombohedral with an interaxial angle marginally 

greater than 90˚. This angle varies from 90.3˚ in NdAlO3 (du Boulay, 1997) to 90.1˚ 

in LaAlO3 (Geller and Bala, 1956). Also shown in the diagram is a single, pseudo-

cubic perovskite cell (dashed outline); the face-centred cell contains eight of these 

cells.  

 
A second lattice, useful for describing the rhombohedral RAlO3 is monoclinic. This 

has the advantage that it closely resembles the orthorhombic lattice of the Pnma 

RAlO3 (compare fig 1.3 with fig 1.9). It is also used in fig 1.5 (§1.4.3) to enable easy 

comparison of the rhombohedral and orthorhombic RAlO3 lattices. Figure 1.9 

shows the R 3c LaAlO3 structure (Howard, 2000) viewed along a pseudo-cube edge 

(bf). Here, the monoclinic cell is depicted as (am, bm, cm). 
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Figure 1.9 

 
The monoclinic cell is related to the face-centred cell (af, bf, cf) by the 

transformation: 

 

      

(am ,bm ,cm ) = (a f ,b f ,c f )
1 2 0 -1 2
0 1 0

1 2 0 1 2

⎛ 

⎝ 

⎜ 
⎜ ⎜ 

⎞ 

⎠ 

⎟ 
⎟ ⎟ 
 

 
Here, bf becomes the long axis of the monoclinic cell (bm) and the face diagonals of 

the f-centred cell become am and cm. It is readily shown that the angles α  and β  in 

the monoclinic cell are both 90˚. This leaves γ  as the monoclinic angle ≠ 90˚ and cm 

as the unique monoclinic axis. The rhombohedral RAlO3, when described in the 

monoclinic setting, all have γ  marginally greater than 90˚ e.g. γ (LaAlO3) = 90.1˚. 

 

Figure 1.9 also shows how the single tilt axis (ω ) in the R 3c LaAlO3 structure can 

be resolved into two components θ  and ϕ  (similar to the description of the Pnma 

structure). This resolution may be described as follows. Consider the orientation of 

the AlO6 octahedron in the foreground at o. This is tilted by θ  about the 
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monoclinic am axis followed by anticlockwise ϕ  tilt about bm. This description is 

useful because the pattern of (θ , ϕ ) tilts in fig. 1.9 helps one to see the symmetry 

elements in the monoclinic cell. Consider, again, the AlO6 unit in the foreground at 

o. This is mapped to the middle AlO6 unit in the background of fig. 1.9 by a body-

centring operation (I). Alternatively this AlO6 unit can be mapped to the one 

beneath it by a b glide with mirror plane perpendicular to cm. Both symmetry 

elements combine with the inversion centre of the R 3c structure to generate the 

monoclinic space group I112/b. 

 

The monoclinic description of the R 3c structure requires that the tilt angles θ  and 

ϕ  be constrained by rhombohedral symmetry6. If this constraint is relaxed, 

however, R 3c symmetry is lost but monoclinic I112/b symmetry is retained. Du 

Boulay (1997), in a tube source study of NdAlO3, found that this rhombohedrally 

unconstrained I112/b model was a superior fit to the X-ray data than the R 3c 

model. It is also interesting that the same monoclinic model has been suggested by 

Yang et al. (1991)7 for a low symmetry phase of LaAlO3. For these reasons, this 

author has investigated the possibility of monoclinic symmetry for LaAlO3 in 

greater detail in §4.3.6. 

 

                                                 
6 This constraint is   θ = 2ϕ (1 + cosα f )1 2  
7 These authors use the alternate I2/a setting 
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Chapter 2 
 
CBED Techniques 
 

 

2.1 Introduction 
 

This chapter contains a brief description of convergent beam electron diffraction 

(CBED) and a summary of the CBED techniques used in chapters three and four. 

Further details can be found by consulting the International Tables for 

Crystallography, Vol. B (Goodman, 2001). 

 

In CBED the electron beam is focused to a small probe on the specimen and the 

diffraction pattern consists of discs (fig. 2.1). The intensity within each disc is a 

map of diffracted intensity with angle of incidence. 

 

 
Figure 2.1 Ray diagram for CBED. Each incident ray (P) gives rise to  

a set of scattered rays (P'). The convergence angle β  is set by the 
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 condenser aperture and determines the size of the CBED discs. 
 

In the present work a probe size of 500Å has been used to obtain CBED data and 

this enables perfect, single crystal regions to be analysed. This is particularly 

significant for the LaAlO3 study (chapter 4) where specimens are known to be 

twinned, often on a micron scale (Norton, 1995). Here, a sub-micron probe size is 

essential to obtain diffraction data from single crystal domains. 

 

In CBED, electrons are multiply scattered within the specimen due to their strong 

interaction with the crystal potential. As a result CBED is very sensitive to the 

crystal symmetry and a powerful tool for space group analysis. In particular, the 

present work shows that tilted CBED patterns are very sensitive to the presence (or 

absence) of mirror/glide mirror symmetry in the diffracting crystal (§2.5). Such 

patterns have been used in later chapters to re-examine the space groups of 

GdAlO3 and LaAlO3 perovskites. 

 
2.2 Diffraction Geometry 
 

Figure 2.2a shows the Ewald sphere construction for CBED when the incident 

beam is aligned along a zone axis of the crystal specimen. Figure 2.2b shows the 

corresponding CBED pattern. Due to the finite specimen thickness the reciprocal 

lattice points in fig. 2.2a are expanded into 'relrods'. Furthermore, the large radius 

of the Ewald sphere (1 λ  ≈ 40Å-1 @ 200kV) compared to the typical scale of the 

reciprocal lattice (g ~ 1Å-1) results in many reflections being satisfied 

simultaneously in the CBED pattern. 
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Figure 2.2 

In fig. 2.2 the curvature of the Ewald sphere results in the CBED pattern having 

circular zones of reflections known as the zero order Laue zone (ZOLZ), first order 

Laue zone (FOLZ) and so on. Collectively the FOLZ, SOLZ etc., are referred to as 

the higher order Laue zones (HOLZ). Scattering into HOLZ reflections is generally 

weak because the atomic scattering factor   f (θ)  drops rapidly with Bragg angle θ . 

 
2.3 Unit Cell Determination 

 
In the present work, unit cell data was obtained from the negatives of zone axis 

CBED patterns, taken under calibrated conditions. In a given analysis, the negative 

was projected onto a microfiche reader-viewing screen and the (x,y) coordinates of 

ZOLZ and FOLZ reflections were recorded using a SOKKI digitiser. These 

coordinates, accurate to 0.005mm, provide input into EDPATT45, a diffraction 

pattern analysis program coded by Prof A.W.S. Johnson. 

 

The procedure for the recovery of the unit cell parameters from zone axis, CBED 

patterns is treated by Johnson (1992). These details are summarised in appendix B. 

The procedure involves calculating the components of an orientation matrix, UB, 

defined as: 
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UB = (a∗ ,b∗ ,c∗) =
ax

∗ bx
∗ cx

∗

ay
∗ by

∗ cy
∗

0 0 cz
∗

⎛ 

⎝ 

⎜ 
⎜ 
⎜ 

⎞ 

⎠ 

⎟ 
⎟ 
⎟ 
 

 

Here, a* and b* are the two shortest vectors in the ZOLZ (see fig 2.3) and c* is 

obtained from an analysis of the FOLZ. 

 

EDPATT45 calculates the orientation matrix UB from a recommended input of ≥ 8 

ZOLZ vectors and ≥ 5 FOLZ vectors, the latter well distributed about the FOLZ 

circle. Of particular importance is the procedure for calculating   cx
∗  and  cy

∗ , the x 

and y components of the vector not in the ZOLZ plane. This is denoted by point O' 

in figure 2.3. To calculate   (cx
∗ ,cy

∗ )  for a given FOLZ vector     , the program 

expresses the coordinates 

( fx
∗ , fy

∗)

  ( fx
∗ , fy

∗)  as Ha*+Kb* for some H and K.     (cx
∗ ,cy

∗ )  is then 

readily computed as: 

 

    (cx
∗ ,cy

∗ )  = FRAC(H)a* + FRAC(K)b* (FRAC = fractional part) 
 

 
Figure 2.3 Zone axis pattern illustrating 
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 the location of a*, b* and the point O' 
 

EDPATT45 tabulates FRAC(H) and FRAC(K) for all measured FOLZ reflections. 

This information is useful because it allows the user to assess the centring 

condition of the reciprocal lattice. For instance, in §4.4.1, the value of   (cx
∗ ,cy

∗ )  for 

each FOLZ reflection was found to be close to 0.5a* + 0.5b*, indicating that the 

reciprocal lattice is body centred. 

 

Once  have been decided by the user and     (cx
∗ ,cy

∗ )  cz
∗  calculated according to 

appendix B, the orientation matrix is complete. The lattice defined by UB is then 

least mean square refined to all measured reflections and the lattice constants {a, b, 

c, α , β  γ } can be recovered using the formulae in appendix B. The program also 

includes the Krivy and Gruber algorithm (1976) for calculating the reduced cell, 

should this prove necessary. 

 

2.4 Symmetry Determination 
 

This is an extensive subject that is well summarised in the International Tables, 

Volume B (Goodman (2001). The following is a minimal outline of the points 

relevant to the space group analysis presented in chapters three and four. 

 

In this work, symmetry analysis has been initially conducted by obtaining CBED 

patterns at major zone axes. Firstly, the symmetry of the ZOLZ has been 

determined, followed by the symmetry of the HOLZ reflections. Taken together, 

ZOLZ and HOLZ symmetries form the whole pattern symmetry and can reveal the 

presence of 2, 3, 4, 6-fold axes and mirror planes parallel to the zone axis. 
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If the electron beam is parallel to a glide plane or perpendicular to a screw axis, 

characteristic extinction bands are observed in odd order ZOLZ reflections1. These 

are known as Gjønnes-Moodie (GM) bands (Gjønnes & Moodie,1965) and are 

illustrated schematically in fig. 2.4. To distinguish between a glide plane and a 

screw axis, it is necessary to observe the symmetry of the HOLZ reflections. A 

mirror in the HOLZ parallel to the row of GM extinctions indicates a glide plane 

whereas no mirror indicates a screw axis. It should be noted, also, that glide planes 

perpendicular to the beam (horizontal glides) generate absent rows in the ZOLZ 

rather than GM bands. They can be identified by comparing the ZOLZ reflection 

density with that of the HOLZ. 

 

 
 

Figure 2.4 GM bands in the ZOLZ 

The failure of Friedel's law observed in CBED (Goodman & Lehmpfuhl, 1968) 

allows the presence (or absence) of a centre of symmetry to be detected in the 

specimen. To test for centrosymmetry, in general, a pair of patterns is required, one 

satisfying a beam +G and the other satisfying -G. Equivalence between the two 

patterns indicates the specimen is centrosymmetric. Such a ±G test has been 

performed in §4.3.8 to determine the presence of centrosymmetry in LaAlO3. 

 

In the present work, space groups have been determined by observing symmetry 

operators in (i) major zone axis patterns and (ii) tilted patterns, close to major zone 

axis orientations. The tilted patterns enable the sensitive determination of 

mirror/glide mirror symmetry and are described below. Using all symmetry 

                                                 
1 They may also be found in the HOLZ, depending on the index satisfied 
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information, direct reference to the International Tables, Volume A allows the 

correct space group to be identified. 

 

2.5 Sensitive Detection of Mirror Symmetry 

 

In chapters 3 and 4, CBED patterns tilted away from major zone axes have been 

used to re-examine the space groups of GdAlO3 and LaAlO3. The HOLZ reflections 

in these tilted CBED patterns have been found to have high sensitivity to the 

presence of mirror symmetry. The reasons for this sensitivity can be understood 

from the following. 

 

Most workers have emphasised the use of diffraction symmetries observed in 

ZOLZ patterns taken at exact zone axes. In such cases HOLZ scattering (observed 

either as fine-deficit line detail in the ZOLZ or the HOLZ reflections themselves) is 

observed against a background of strong ZOLZ scattering and this background 

decreases the sensitivity of HOLZ observation. By tilting the crystal a few degrees 

away from the exact zone axis, the intensity of the HOLZ reflections is increased 

due to their smaller scattering angles. Furthermore, after tilting, inelastic 

scattering, which is a maximum at the zone axis, is often reduced. These conditions 

greatly increase the sensitivity of the HOLZ observation as lower-order HOLZ 

reflections may now be viewed directly against little or no background. These 

conditions also allow for a better assessment of the effect of misorientation on the 

resulting symmetry information. 

 

In addition, tilting increases the strength of the coupling between the ZOLZ and 

HOLZ reflections. This stronger coupling results in HOLZ reflections that are more 

'dynamical' (contain more intensity due to multiple scattering). This further 

increases their sensitivity to mirror symmetry. 
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In this thesis, mirror symmetry has been tested by tilting the crystal ~5˚ away from 

the zone axis about the normal of the proposed mirror planes. These tests (e.g. ph. 

3.5 in §3.3.4) reveal HOLZ arcs which contain reflections that may be compared 

pairwise across a possible mirror line. These conditions allow the presence (or 

absence) of mirror symmetry to be judged to a very high level of rigour. 
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Chapter 3 
 
The Space Group of Gadolinium 
Aluminate 
 

 

3.1 Introduction 
 

Gadolinium aluminate is an intermediate member of the RAlO3 series with an 

orthorhombic (Pnma) structure, well characterised by XRD (see §1.4). In this 

chapter the space group of GdAlO3 has been redetermined by CBED and found to 

agree with the XRD result. The focus, however, is on the tilted CBED patterns, 

which show that mirror, or glide mirror symmetries may be observed to a high 

level of accuracy. These patterns serve as a benchmark against which other tilted 

patterns may be compared. 

 

A brief CBED study of isostructural, Pnma LaFeO3 is also included (§3.5). Although 

this work is restricted to exact zone axis patterns, it is observed that tilted patterns 

have significant potential to improve the quality of the symmetry determination. 

 

3.2 Experimental 

 
3.2.1 Specimen Preparation 
 

Crystals of GdAlO3 were supplied by the Crystallography Centre (U.W.A.), 

courtesy of Dr. N. R. Streltsova. These crystals were grown using the flux growth 

technique of Wanklyn (1969), by dissolving Gd2O3 and Al2O3 in a PbO/PbF2/B2O3 
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flux. The mixture was heated rapidly to 1580 K in a 10ml platinum crucible and 

then cooled slowly to 1280 K at 10˚/hour. Hot, dilute HNO3(aq) was used to liberate 

the resulting crystals from the residual flux. 

The GdAlO3 crystals in the sample were optically transparent and clearly 

identified by their rectangular crystal habit. A single crystal, free from dislocations 

and bends, with dimensions 400 × 250 × 150 (µm)3 was selected for specimen 

preparation. This was lightly crushed in A.R. grade ethanol in a micro mortar and 

pestle and deposited onto a copper specimen grid coated with holey carbon film. 

The specimen was loaded into a Gatan Tilt Rotate Holder and examined in a 

Philips EM430 transmission electron microscope equipped with a LaB6 cathode. 

 

3.2.2 General Procedure for CBED and EDS Data Collection 

 

The following systematic procedure was used for CBED and EDS (energy 

dispersive spectroscopy) collection. The specimen grid was translated until a 

microcrystalline fragment with thin edges and low wedge angle was obtained. 

From this fragment, a region close to the crystal edge, free from obvious defects 

and with uniform thickness contrast was chosen. This crystal region was then tilted 

close to a major zone axis using the goniometer. This procedure was guided by 

referring to the Kikuchi pattern and was performed in the shadow-image mode 

(Steeds and Vincent, 1983). 

 
The crystal height was then made eucentric and the objective lens focused and 

stigmated. With a probe size of 500Å and an appropriate condenser aperture, the 

pivot point was then adjusted. The incident beam was stigmated using the 

condenser stigmators and converged to its minimum diameter on the crystal 

region of interest. In diffraction mode the CBED pattern was accurately aligned to 

the zone axis using the dark field tilts, focused and then recorded.  
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In this work EDS spectra were recorded from several microcrystalline fragments 

using an intrinsic germanium detector (resolution 114eV @ Mn  Kα) at 

10eV/channel. Spectra were obtained close to regions of CBED data collection and 

were considered representative of the microcrystalline fragment as a whole. None 

of the spectra needed calibration and a 10eV offset achieved good agreement 

between theoretical and experimental peak energies to within one channel. 

 

 

3.3 Results 

 
3.3.1 EDS Data 

 
A typical spectrum, taken at a beam energy of 300keV, is presented in figure 3.1. 

This is consistent with a material containing Gd, Al and O (Cu and C peaks 

correspond an adjacent specimen grid bar and the holey carbon film respectively). 

Thus the spectrum is qualitatively consistent with the presence of GdAlO3 and 

shows no evidence of impurities within the limits of detection (~1%). 

 
 

Figure 3.1 EDS spectrum taken at a beam energy of 300keV 
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3.3.2 Unit Cell Analyses 
 

Photograph 3.1 illustrates a major zone axis CBED pattern of GdAlO3, the same 

pattern observed in three different microcrystalline specimens. This 5.0s exposure 

was obtained at 200kV with λ  = 0.025078Å and a camera length L = 371mm (both 

calibrated previously from Si diffraction patterns). Following the procedure 

outlined in §2.3, fourteen ZOLZ and eight FOLZ reflections from ph. 3.1 were 

analysed by the program EDPATT45. For each FOLZ reflection, this program 

provides the output FRAC(H) and FRAC(K), defined in §2.3, which measures how 

the FOLZ vector projects onto the ZOLZ. This output is shown below: 

 

    
 
                       Photograph 3.1 [010] CBED pattern of GdAlO3                      Photograph 3.1a 

 

 FOLZ reflection FRAC(H) FRAC(K) 
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 1 0.87 0.99 
 2 0.91 0.04 
 3 0.93 0.11 
 4 0.11 0.04 
 5 0.11 0.05 
 6 0.10 0.96 
 7 0.90 0.91 
 8 0.00 0.08 
 

All values are close to zero or one, to within 0.14, which gives good evidence for 

setting FRAC(H) = FRAC(K) = 0 in subsequent analysis by the EDPATT45 routine. 

It is also clear from ph. 3.1 and the enlargement ph. 3.1a that the ZOLZ and FOLZ 

have the same density of reflections. This shows that the reciprocal lattice and thus, 

the Bravais lattice, is primitive. 

The least squares refined orientation matrix (UB) for the primitive cell yields the 

following lattice parameters: (here {a, c} are obtained from the ZOLZ and b is 

parallel to electron beam) 

 

a = 5.26Å α  = 90.2˚  
b = 7.35Å β  = 89.4˚ Cell Volume = 201.9Å3

c = 5.22Å γ  = 91.2˚  
 

Another crystal, at the same zone axis, gave the lattice parameters shown below: 

 

a = 5.28Å α  = 88.9˚  
b = 7.42Å β  = 90.2˚ Cell Volume = 204.6Å3

c = 5.23Å γ  = 92.5˚  
 

These two sets of lattice parameters are suggestive of a primitive orthorhombic cell 

and compare reasonably well with the orthorhombic cell data {a = 5.304Å, b = 

7.447Å, c = 5.247Å, Vol. = 207.3Å3} obtained from powder XRD by Geller and Bala 

(1956). In particular the ratio a/c from the CBED data, in both cases, is within 0.32% 

of the XRD a/c ratio. This level of accuracy allows the a and c cell lengths to be 
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confidently differentiated in the CBED analyses. The zone axis displayed in ph. 3.1 

is therefore indexed as the [010] with the h and l axes assigned as illustrated. 

 

The major source of error in the CBED data arises from spiral and radial 

distortions in the outer regions of the pattern introduced by the TEM projector 

lenses. These distortions affect the accuracy of FOLZ measurement and introduce 

error into the measurement of b, the vector not in the ZOLZ plane. In the CBED 

data, it is likely that the noticeable deviation of α  and γ  from 90˚ (up to 2.8%) 

occurs because EDPATT45 refines the UB matrix using FOLZ reflections that are 

affected by spiral and radial distortions. 

 

To gain a more accurate estimate of the error in the CBED lattice parameters a 

number of cell analyses were performed on patterns using only the ZOLZ 

reflections. Tabulated below are results from seven different crystal specimens at 

orientations covering the three major zone axes of the orthorhombic lattice. In a 

given analysis, the zone axis is identified together with the three parameters 

recoverable from the ZOLZ (two cell lengths and an angle). 

 

Zone a(Å) b(Å) c(Å) α  (˚) β  (˚) γ  (˚) 
[010] 5.29 - 5.26 - 89.3 - 
[010] 5.31 - 5.25 - 90.3 - 
[100] - 7.41 5.25 89.8 - - 
[100] - 7.41 5.26 90.0 - - 
[100] - 7.40 5.20 89.3 - - 
[001] 5.27 7.45 - - - 89.8 
[001] 5.25 7.32 - - - 89.5 

ave. ± s      5.28(2)      7.40(5)      5.24(3)      89.7(4)      89.8(7)      89.6(2) 
 

The average cell values show good consistency with the powder XRD data (Geller 

and Bala, 1956), with an error in the cell parameters of the order of 1%. These 

values provide additional confirmation that GdAlO3 is the material being 

examined. 
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3.3.3 Symmetry of the [010] Zone Axis 

 
Photograph 3.2 shows a CBED pattern, typical of three specimens examined, 

illustrating the ZOLZ from the [010] zone axis orientation. This exposure shows 

fairly convincing 2mm point group symmetry. In addition, the FOLZ from ph. 3.1 

also shows 2mm symmetry. This indicates that the whole pattern symmetry of the 

[010] zone axis is 2mm. 

 

Also visible in ph. 3.2 are GM bands (Gjønnes and Moodie, 1965) in the odd (h00) 

and (00l) reflections. These extinctions, together with the 2mm FOLZ symmetry, 

indicate the presence of glide mirror planes perpendicular to c and a. The glide 

translation (axial or diagonal) associated with these glide mirrors can be 

determined by observing GM bands (or their absence) in HOLZ reflections. This 

information is more easily observed in patterns tilted away from the exact [010] 

zone axis and such patterns are presented in the following section. 

 

 
 

Photograph 3.2 The [010] ZOLZ 
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3.3.4 Near [010] Axis, Tilted Patterns 

 

As described in §2.5, glide mirror symmetry can be examined more sensitively by 

tilting away from the exact zone axis about the normal of the mirror plane. In this 

section all exposures were obtained from the same region of one microcrystalline 

fragment. 

 

The tilting procedure was initially performed using the electronic beam tilts and 

this was found suitable for testing mirror symmetry in the ZOLZ. Photograph 3.3 

shows the ZOLZ after tilting the incident beam ~0.5˚ about the a axis. Here the 

ZOLZ has expanded into a small Laue circle with the (005) reflection at the Bragg 

condition (cross of null intensity - Gjønnes and Moodie, 1965). The mirror of 

intensity across the l axis is, on the whole, rather good. 

 

Photograph 3.4 shows the ZOLZ, this time with the incident beam tilted ~0.5˚ 

about the c axis. Here the (500) reflection is at the Bragg setting. This exposure also 

shows very good mirror symmetry across the h axis. 

 
 

Photograph 3.3 
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Photograph 3.4 

 
The intensity in ph. 3.3 and 3.4 arises from ZOLZ interactions and shows projection 

symmetry. The presence of HOLZ deficit lines, particularly in the more moderately 

exposed ph. 3.3, cannot be seen. To gain more a sensitive test of the 3-D glide 

mirrors, the crystal was tilted further away from the zone axis so that HOLZ 

reflections can be observed at smaller scattering angles. The result is shown in ph. 

3.5 where the tilt about the a axis is ~6˚. This and subsequent tilted patterns were 

indexed by hand and the indexing confirmed using the program IdealMicroscope 

1.2 (Zhu & Zuo, 1992). 

 

 
 

Photograph 3.5a Detail of the k = 1 arc 
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Photograph 3.5 

 

 
 

Photograph 3.5b Detail of the k = -1 arc 

            
 

Photographs 3.5c and d The (±9,1,5) mirror pair of 
 reflections from the k = 1 arc 
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The mirror across the l axis in ph. 3.5 is excellent. This is highlighted in a series of 

enlargements shown in photographs 3.5a through to 3.5d. In addition, the presence 

of GM bands in the (0  1  8) and (016) reflections (ph. 3.5a and 3.5b) gives evidence 

for the extinction condition 0kl : k+l = 2n+1. This shows that the mirror in ph. 3.5 

corresponds to a diagonal n glide in the GdAlO3 structure. 

 

 
 

Photograph 3.6 

 

            
 

Photographs 3.6a and b The (-9,-1,±7) mirror pair of 
 reflections from the k = -1 arc 
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Photograph 3.6c Detail of the k = 2 arc 

 

Tilting now about the c axis, gives ph. 3.6, which shows the HOLZ data for an ~6˚ 

tilt. Here, the mirror symmetry across the h axis is also excellent (further detail is 

shown in ph. 3.6a to 3.6c). In this case, the presence of a GM band in the (11,2,0) 

reflection and its absence in the (6,1,0) reflection demonstrates the extinction 

condition hk0 : h = 2n+1. This corresponds to an axial a glide in the GdAlO3 

structure. 

 

To summarise, the near [010] axis, tilted patterns confirm with high sensitivity the 

existence of two glide mirrors in the [010] zone axis pattern. The [010] zone axis 

pattern has 2mm whole pattern symmetry, an n glide perpendicular to a and an a 

glide perpendicular to c. Given the Bravais lattice is primitive, with the lattice 

parameters obtained in §3.3.2, this zone axis symmetry is consistent only with the 

orthorhombic space groups Pn21a or Pnma (International Tables, Vol A, 1992). 

Which space group is correct is resolved below. 

 

3.3.5 Symmetry of the [100] Zone Axis 

Photograph 3.7 shows the [100] zone axis pattern of GdAlO3, typical of three 

specimens examined. An enlargement of the ZOLZ, taken at a smaller exposure 

time, is presented in ph. 3.8. Here, both the ZOLZ and the FOLZ show fairly 

convincing 2mm symmetry. 
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                       Photograph 3.7 [100] CBED pattern of GdAlO3                         Photograph 3.7a 

 

In the previous section, an n glide with mirror perpendicular to a was observed. In 

the [100] zone this is a horizontal glide that extinguishes the 0kl : k+l = 2n+1 

reflections in the ZOLZ. The FOLZ, however, will suffer no such restriction and 

will have a double density of reflections compared to the ZOLZ. Evidence of this 

can be seen in ph. 3.7a, an enlargement of part of the FOLZ ring, which shows the 

reflections (labeled *) are not present in the ZOLZ. 
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Photograph 3.8 The [100] ZOLZ 

 
3.3.6 Near [100] Axis, Tilted Patterns 

 
Photographs 3.9 and 3.10 show the result of tilting away from the [100] zone axis 

about the b and c axes respectively. Both exposures were obtained from the same 

region of one microcrystalline specimen. In ph. 3.9 the mirror across the l axis is 

unambiguous (ph. 3.9a to ph. 3.9c show further detail). In ph. 3.10 the excellent 

mirror across the k axis and the GM band through the (  1,13,0) reflection confirms 

the a glide observed in §3.3.4. In both ph. 3.9 and 3.10 the HOLZ arcs clearly show 

double the reflection density compared to the ZOLZ - confirming the n glide, 

 
Worthy of note in ph. 3.10 and ph. 3.10a is the reflection (1,-10,0). This should 

contain a GM band through its centre to be consistent with the a glide extinction 

condition, hk0 : h = 2n+1. It is clear, however, that weak intensity is present at this 

location, violating the a glide. Close examination of the h = 1 arc suggests that this 

intensity belongs to an arc of diffuse, inelastic scattering that extends away 

through adjacent reflections to regions below the h = 1 arc. This indicates that 

inelastic scattering processes may be subtly breaking a glide symmetry in the      
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(1,-10,0) reflection. Similar effects have been noted by Vincent (1991) where diffuse 

scattering in thick or disordered specimens can obscure GM bands. 

 

 
 

Photograph 3.9 

 

 
 

Photograph 3.9a Detail of the h = -1 arc 
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Photographs 3.9b and c Mirror related reflections 
 from the h = 1 arc 

 

 
 

Photograph 3.10a Detail of the h = 1 arc 
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Photograph 3.10 

 

To conclude, ph. 3.9 confirms in considerable detail the existence of a mirror plane 

perpendicular to the b axis in the GdAlO3 structure. This information enables the 

distinction between the two space groups (Pn21a or Pnma) proposed in §3.3.4. The 

polar space group Pn21a is excluded because this contains no mirror plane 

perpendicular to the b axis. The space group of GdAlO3 is therefore Pnma. 

 

3.4 Discussion 

 

There is no dispute concerning the Pnma structure of GdAlO3 which is discussed in 

detail in §1.4. The present CBED work is consistent with the XRD results (Geller 

and Bala, 1956; du Boulay, 2004). 

 

The use of tilted HOLZ patterns (§3.3.4 and §3.3.6) has enabled the two glide 

mirrors and one mirror plane in the Pnma structure to be examined in considerable 

detail. These patterns show the mirror/glide mirror symmetries exist to a high 

level of accuracy. Compared to previous studies of GdAlO3, this work is the most 

accurate determination of these symmetry elements that the author is aware of. In 

the case of well-characterised mirror/glide mirror planes, this demonstrates the 

accuracy of the tilt technique and establishes a benchmark against which 

subsequent tilted patterns (chapter four) may be compared. 

 

Two other aspects of the tilted HOLZ patterns are also worthy of comment. Firstly 

they allow GM bands in HOLZ reflections to be more easily observed. By tilting to 

bring a number of HOLZ arcs into the field of view, tilted patterns allow the 

extinction condition associated with a glide operator to be determined and the 

glide translation (axial, diagonal etc) assigned. These conditions are well illustrated 

in ph. 3.6 where a GM band is observed in the (11,2,0) reflection but not in the 

(6,1,0), uniquely determining an axial a glide. In contrast, the [010] zone axis (ph. 
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3.1) contains only ZOLZ GM extinctions and no intensity is excited the (h,1,0) 

FOLZ reflections. This leaves the question of whether the glide translation is axial 

or diagonal unresolved. 

 

Secondly, tilted HOLZ patterns are, potentially, very sensitive for distinguishing 

glide planes from screw axes. This sensitivity may be required, for example, in a 

structure where the majority of the atoms are glide related but with two weakly 

scattering atoms in a 2-fold screw relation. The exposures in §3.3.4 show cases 

where large amounts of HOLZ intensity enable glide mirror symmetry to be 

confirmed in significant detail. Here n and a glide operators may be rigorously 

assigned. In comparison, the technique of Tanaka et al. (1983) relies on fine HOLZ 

deficit lines in ZOLZ reflections to distinguish glides from screws. This approach is 

less sensitive because the HOLZ deficiency lines are often masked by ZOLZ 

scattering as is seen in Figure 4(c) of their paper (reproduced in fig. 3.2). 

 

 
 

Figure 3.2 

 

3.5 A Brief Study of Lanthanum Orthoferrite 

 

The lightest member of the rare earth orthoferrites is LaFeO3 which is isostructural 

with GdAlO3 (§1.3). However, due to the magnetic properties of LaFeO3, there has 
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been some speculation whether or not the structure contains a centre of symmetry. 

In the following brief CBED study, exact zone axis patterns have been used to 

show, with reasonable accuracy, that the space group of LaFeO3 is Pnma. It is noted 

however, that tilted patterns have the potential to improve the accuracy of this 

symmetry determination. In particular, tilted patterns could provide a sensitive 

test for the presence (or absence) of a centre of symmetry. 

 

Specimens of LaFeO3 were grown by the author using the flux growth technique of 

Marezio et al. (1970) yielding rectangular, black crystals with a metallic lustre. A 

single crystal was prepared according to §3.2.1 and examined in a Philips EM430 

TEM at 300kV using a probe size of 500Å. EDS spectra showed the expected peaks 

and a unit cell analysis of the major zone displayed in ph. 3.11 indicated a 

primitive orthorhombic or tetragonal Bravais lattice. Using EDPATT45, unit cell 

lengths were obtained from the ZOLZ of one [010] and one [001] pattern1. These 

values are presented below along with the powder XRD results of Marezio (1971) 

for comparison. 

 

  Zone a(Å) b(Å) c(Å) 
 CBED [010] 5.37 - 5.38 
  [001] 5.35 7.52 - 
 XRD -        5.563(2)       7.867(3)        5.553(2) 

 

The agreement between the CBED and XRD data is moderate with the CBED cell 

lengths 3-5% smaller than their corresponding XRD values. It appears an incorrect 

camera length has been used, as the CBED cell edge ratios show better agreement 

with the XRD data. The CBED cell ratios are all within 1.4% of the corresponding 

XRD values. 

 

Photographs 3.11 and 3.12 show, respectively, the [010] and [100] zone axis 

patterns of LaFeO3. In each case, the ZOLZ (square inset) is enlarged and recorded 
                                                 
1 Both obtained under calibrated conditions 
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at a shorter exposure time for ease of observation. Both patterns show strong 

resemblance to the equivalent patterns obtained from GdAlO3, enabling ph. 3.11 

and 3.12 to be indexed by analogy with these patterns. (Note: the issue of 

distinguishing the h and l axes in ph. 3.11 is addressed below). 

 

 

 

 

 

 

                (a) 

        (b) 

Photograph 3.11 [010] CBED pattern of LaFeO3 
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Photograph 3.12 [100] CBED pattern of LaFeO3

Ph. 3.11 and 3.12 both show reasonable 2mm whole pattern symmetry, indicating 

that the point group of LaFeO3 is mmm (International Tables, Vol A, 1992). Also 

visible in ph. 3.11 are GM bands in the odd (h00) and (00l) reflections, indicating 

the presence of two glide planes. The glide translation associated with each of 

these glide mirrors may, in this case, be determined by a close examination of the 

FOLZ in ph. 3.11. Ph. 3.11a is a FOLZ enlargement which shows the (20,1,0) 

reflection does not contain a GM band. This implies the glide mirror perpendicular 

to c has the extinction condition hk0: h = 2n + 1 and is an axial a glide. In contrast, 

the other enlargement, ph. 3.11b, shows evidence for a GM band through the 

(0,1,20) reflection. This indicates the glide perpendicular to a has extinction 

condition 0kl: k + l = 2n + 1 and is a diagonal, n glide. Note: the above distinction 

between a and n glides enables the h and l axes to be uniquely assigned in ph. 3.11. 

This cannot be done from the geometry of ph. 3.11 as a and c differ by less than 

0.2% in LaFeO3. 
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In summary, the above observations are consistent with the orthorhombic space 

group Pnma, confirming the XRD results (Geller & Wood, 1956; Marezio, 1971). It 

should be noted, however, that Geller and Wood have expressed some 

reservations about this space group, relating to the presence of the centre of 

symmetry. As remarked in §1.3, LaFeO3 can not be centrosymmetric in the strictest 

sense because it contains iron sublattices that are imperfectly antiferromagnetic. 

Geller and Wood have therefore observed, that the structure may, be described, 

equally well, in the centrosymmetric space group Pnma or its polar subgroup 

Pn21a. In addition, the single crystal XRD study of LaFeO3 by Marezio (1971) could 

not distinguish between Pnma and Pn21a within experimental error. 

 

In view of the above it would be interesting to extend the present CBED study by 

testing the mirror/glide mirrors in ph. 3.11 & 3.12 using tilted HOLZ patterns. The 

high sensitivity of these patterns to mirror symmetry will enable the space group 

of LaFeO3 to be determined to the same accuracy as has been achieved for GdAlO3. 

In particular, a tilted pattern testing the mirror perpendicular to b in the LaFeO3 

structure, should provide a sensitive method to distinguish between Pnma and 

Pn21a. 

 

3.6 Future Work 

 

To conclude this chapter, some very brief remarks are made on the bonding charge 

density (Δρ ) study of GdAlO3 by du Boulay (1997)2. In that study, the vast 

majority of the synchrotron XRD reflections were measured with the precision 

necessary for accurate Δρ  imaging. However, even with a minute rectangular 

crystal (10×10×20 µm3), several of the low order reflections were strongly affected 

by extinction. Given this, a QCBED study of GdAlO3 has great potential to 

improve the quality of the synchrotron XRD data set. Using GdAlO3 specimens 

                                                 
2 Briefly outlined in §1.1 
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from the present work, QCBED patterns could be obtained, similar to those 

recorded from LaAlO3 (see §4.5). These patterns would then allow accurate, low 

order structure factors for GdAlO3 to be determined using QCBED pattern 

matching techniques (Nakashima, 2002). QCBED determined structure factors can 

then replace extinction affected values in the synchrotron XRD data set.  

 

An extinction corrected XRD data set would yield more reliable Δρ  information. 

This, however, is a significant undertaking and is well beyond the scope of this 

thesis. 
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Chapter 4 
 
A CBED Study of Lanthanum 
Aluminate 
 

 

4.1 Introduction 
 
LaAlO3 is the lightest member of the rare earth aluminates with a structure 

regarded as rhombohedral R 3c from powder XRD and neutron diffraction data 

(§1.5.1). In this model, small AlO6 rotations about the 3-fold axis result in a 

structure that is marginally distorted from cubic (fig. 1.6, §1.5.2). Here the small 

movement of weakly scattering oxygen atoms away from their ideal cubic sites is 

the most significant deviation from cubic symmetry. This, together with the fact 

that LaAlO3 is susceptible to twinning (see §4.4.3), makes it difficult to study using 

single crystal X-ray diffraction (du Boulay, 1997). 

 
In contrast to the above, a CBED study by Yang et al. (1991) claims the structure of 

LaAlO3 is cubic with Fm 3c symmetry. They conclude the R 3c symmetry reported 

elsewhere is deceptive due to the coexistence of the cubic (Fm 3c) phase with lower 

symmetry phases within the same crystal. 

 
In the present CBED study, the space group of LaAlO3 is found to be 

unambiguously R 3c. The CBED technique overcomes the difficulties due to 

twinning by selecting single domain regions for analysis and exploits the high 

sensitivity of tilted CBED patterns to the presence (or absence) of mirror 

symmetry. Such patterns clearly reveal the subtle breakdown in cubic symmetry 
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that occurs primarily in weak odd order reflections. Furthermore, the Fm 3c 

symmetry proposed by Yang et al. is found to be incorrect and no evidence for low 

symmetry, I2/a or F1, phases has been observed. The present study also gives a 

careful assessment of the influence of tilted specimen surfaces on the CBED data. 

No symmetry degrading effects could be found. 

 
Finally some preliminary QCBED data is presented which has the potential to 

overcome the serious extinction difficulties encountered in X-ray studies. 

 

4.2 Experimental - Specimen Preparation 
 
Crystals of LaAlO3 were grown at the Crystallography Centre (U.W.A.) by Ms. B. 

E. Etschmann using a simple adaptation of the flux growth technique of Marezio et 

al. (1970). In this preparation La2O3 and Al2O3 was dissolved in a K2CO3/B2O3 

flux, a typical run consisting of the following masses: La2O3 = 0.25, Al2O3 = 0.07, 

K2CO3 = 1.50 and B2O3 = 0.75g. These quantities were weighed into a 10ml 

platinum crucible, heated rapidly to 1230 K and then held at this temperature for 1 

hour to affect solution. The crucible was then cooled to 950 K at 20˚/hour, removed 

from the furnace and allowed to cool quickly to room temperature. The resulting 

crystals were extracted from the solid potassium borate glass using hot dilute 

HNO3(aq). 

 
The LaAlO3 crystals appeared semi transparent and reddish brown in colour. This 

colouration is unexpected because La3+ and Al3+ do not absorb in the visible 

spectrum so that theoretically LaAlO3 should be colourless. In this work the 

starting materials (La2O3 and Al2O3) were > 99.0% purity and EDS analysis of the 

LaAlO3 specimens (§4.3.1) showed no evidence of impurities within the limits of 

detection (~1%). However, it is possible that iron impurities at the sub 0.1% level 

may be the origin of the reddish brown colour in the LaAlO3 specimens. Similar 

hues have been reported for LaAlO3 crystals grown by Berkstresser et al. (1991) 

and du Boulay (1997). 
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In the present work, the LaAlO3 crystals were identified by their rectangular 

crystal habit and exhibited concentric rectangular growth rings on two opposite 

faces. A single crystal, with dimensions 0.8 × 0.6 × 0.3 (mm)3 was prepared 

according to §3.2.1 and examined in a Philips EM430 TEM equipped with a LaB6 

cathode. 

It is important to note that no annealing of the specimens was conducted in these 

preparations. In contrast, the crystals used in the CBED study of LaAlO3 by Yang et 

al. (1991) were grown by the Czochralski method. In their study, specimens were 

annealed for 'short' and 'long' times and the reported symmetry was found to be 

dependent on the annealing conditions. This is discussed further in §4.4.1. 

 

4.3 Results 
 
4.3.1 EDS Data 

 
EDS spectra were obtained from several LaAlO3 microcrystalline fragments using 

the same conditions as described in §3.2.2. Figure 4.1 shows a typical spectrum, 

taken at a beam energy of 250keV. This is consistent with a material containing La, 

Al and O and, importantly, shows no evidence of impurities within the limits of 

detection (~1%). 
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Figure 4.1 EDS spectrum taken at a beam energy of 250keV 

 
Of secondary interest is the small peak (labeled *) at ~0.64keV on the high-energy 

shoulder of the O  Kα  peak. This was noted in every spectrum recorded and has 

proven difficult to identify. The peak energy is consistent with the Mn  Lα1 line, but 

the absence of Mn K peaks rules this out as a possibility. It is not an escape peak 

from the germanium detector nor is it a sum peak. At ~0.64keV the peak is also 

consistent with the La   line, but the relative intensity of La   to LaMζ1 Mζ1  Mα  should 

be 0.06 : 1 (DTSA X-ray data base) and this is clearly not the case in fig. 4.1. It is 

possible that further EDS using a different detector or wavelength dispersive 

spectroscopy may help characterise this minor peak. 

 
4.3.2 Unit Cell Analyses  

 
Photograph 4.1 illustrates a major zone axis CBED pattern of LaAlO3, the same 

pattern observed in six different microcrystalline fragments. This exposure was 

obtained at 250kV, with λ  = 0.021985Å and a calibrated camera length L = 276mm. 

One feature of this pattern that is immediately apparent is that the SOLZ 

reflections are much stronger than the FOLZ. 
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Photograph 4.1 [001] CBED pattern of LaAlO3. Indices are  

expressed wrt face-centred, pseudo-cubic axes. 

 
Following the procedure outlined in §2.3, twelve ZOLZ and eight FOLZ reflections 

from ph. 4.1 were analysed by EDPATT45. The following output for FRAC(H) and 

FRAC(K) was obtained: 

 
 FOLZ reflection FRAC(H) FRAC(K) 
 1 0.53 0.59 
 2 0.56 0.54 
 3 0.48 0.43 
 4 0.44 0.45 
 5 0.52 0.53 
 6 0.59 0.46 
 7 0.47 0.45 
 8 0.44 0.53 
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 Mean ± s 0.50 ± 0.06 0.50 ± 0.06 
 
According to §2.3 the (x,y) components of c*, the vector not in the ZOLZ plane, are 

given by      = FRAC(H)a* + FRAC(K)b* (a* and b* span the ZOLZ). In this case, 

the table gives good evidence for setting 

(cx
∗ ,cy

∗ )

  (cx
∗ ,cy

∗ )  = 0.5a* + 0.5b*. Careful 

examination of ph. 4.1a also shows the ZOLZ and FOLZ have the same density of 

reflections. This indicates the reciprocal lattice is body centred and the Bravais 

lattice is face-centred. 

 

 
 

Photograph 4.1a Detail of the top right corner of ph. 4.1 

The least squares refined UB matrix corresponding to the face-centred cell yields 

the following lattice parameters (Set A): 

 

a = 7.53Å α  = 89.6˚  
b = 7.67Å β  = 90.2˚ Cell Volume = 436.1Å3

c = 7.55Å γ  = 89.6˚  
 

These are suggestive of a face-centred cubic unit cell, with mean cell length af = 

7.58(7)Å and mean cell angle α f  = 89.8(4)˚. To gain a more accurate estimate of the 

error in these quantities, two more unit cell analyses were performed at the same 
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zone axis. The first was from the same specimen used for set A, but from a 

different crystal region and at a different camera length (labeled set B). The second, 

set C, was from a different crystal specimen. This data is tabulated below: 

 

 Cell Length (Å) Cell Angle (˚) Cell Volume (Å3) 

Set B a = 7.64 α  = 91.0˚  

 b = 7.51 β  = 89.3˚ 429.9 

 c = 7.49 γ  = 89.7˚  

mean ± s     af = 7.55(8)   α f  = 90.0(9)˚  

    

Set C a = 7.58 α  = 90.9˚  

 b = 7.61 β  = 91.8˚ 435.5 

 c = 7.55 γ  = 90.0˚  

mean ± s     af = 7.58(3) α f  = 90.9(9)˚  

 

The average of the three af, α f  and cell volume values are given below, together 

with the powder XRD results of Lehnert (2000): 

 

CBED   af = 7.57(2)Å α f = 90.2(6)˚ Ave. Cell Vol. = 434(3)Å3

XRD   af = 7.582(1)Å α f  = 90.09(1)˚ Cell Vol. = 435.9(2)Å3

 

The single crystal, CBED data is consistent with a face-centred cubic (fcc) lattice, 

with an error in the lattice parameters of the order of 1%. It is also consistent, 

however, with the high resolution XRD powder data which is quoted to an 

accuracy of ~0.01%. The XRD data indicates a face-centred, rhombohedral lattice 

with a rhombohedral angle α f  marginally greater than 90˚ (see §1.5.3 for a 

discussion of this lattice). Clearly the CBED unit cell data lacks the precision to 

discriminate between a fcc lattice and lower symmetry lattices that are subtly 

distorted from cubic. 
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The major source of error in the CBED data is the distortions introduced into the 

pattern by the TEM projector lenses. This can be overcome, in favourable cases, by 

measuring HOLZ lines in the zero order disk, yielding lattice parameters accurate 

to ~0.1% (Olsen, 1992). However, the best way to rigorously discriminate between 

the structural alternatives proposed for LaAlO3 is to carefully assess the intensity 

symmetry of the CBED data. 

 

4.3.3 Reciprocal Lattice Indexing 

 

The CBED unit cell data is consistent with a face-centred cubic lattice so ph. 4.1 

may be indexed as the [001] zone. Face-centring generates the extinction condition 

h+k, h+l and k+l = 2n+1, so (hkl) for the ZOLZ/SOLZ reflections are all even 

whereas those for the FOLZ are all odd. In the following pages, all indices are 

expressed with respect to face-centred cubic axes. 

 

4.3.4 Symmetry of the [001] Zone Axis 

 

Photographs 4.2 to 4.4 show a variety of exposures from different specimens 

illustrating the ZOLZ from the [001] zone. Note that ph. 4.4 was obtained using a 

Jeol 3000F TEM equipped with Gatan image filter and contains no inelastic 

background. All show fairly convincing 4mm symmetry. Examination of the FOLZ 

and SOLZ in ph. 4.1 also suggests 4mm symmetry. The whole pattern symmetry 

(wps) of the [001] zone axis may then be initially classified as 4mm. 
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Photograph 4.2 

 

 
     Photograph 4.3                                               Photograph 4.4 

 
The 4mm wps of the [001] zone was found in a total of six different specimens with 

the uncertainty in this symmetry greatest in the weak FOLZ ring. This uncertainty 

arises due to the weak intensity of the FOLZ reflections which are observed against 

a high inelastic background. Furthermore slight misalignment of the electron beam 

(e.g. due to drift) can affect the appearance of these reflections adding uncertainty 
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to the observed symmetry. The following section therefore provides a more 

sensitive test of these FOLZ mirrors. 

4.3.5 Near [001] Axis, Tilted Patterns 

 

As discussed in §2.5, mirror symmetry can be tested more sensitively by tilting 

away from the exact zone axis about the normal of the mirror plane. Ph. 4.5 shows 

the four possible mirror lines M1 to M4 in the [001] zone. This exposure and the 

subsequent tilted patterns in this section were all obtained from the same 

specimen, dubbed crystal A. When recording the tilted patterns great care was 

taken to confine the probe to the same region of crystal A used to obtain the exact 

[001] data. 

 

 
 

Photograph 4.5 The four possible mirrors in the [001] zone 
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Of practical significance to the mirror tests are four Kikuchi bands, one passing 

through each of the mirrors. Each of these bands is visible in ph. 4.5 as a strip of 

diffuse, inelastic scattering containing the mirror line depicted. In shadow image 

mode these bands appear as 'tram tracks' which are followed when tilting about a 

particular mirror normal. The final alignment of the incident beam is done using 

the dark field tilt controls and is complete when the central beam is bisected by a 

mirror line. 

 

Photographs 4.6 to 4.9 show the mirror tests of M1 to M4 respectively. In each, the 

tilt away from the [001] zone axis is ~5˚ and indices are given with respect to face-

centred cubic axes. As in chapter 3, the patterns were indexed by hand and the 

indexing confirmed using IdealMicroscope 1.2. 

 

 
 

Photograph 4.6 The M1 mirror test 
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Photographs 4.6a and b The (7,±11,1) mirror pair of 
 reflections from the l = 1 arc 

 

 

 
 

Photograph 4.6c 

 

The M1 test (ph. 4.6) shows that the mirror across the h axis is preserved quite well 

in the l = 0 and 2 HOLZ arcs. In contrast, the l = 1 and -1 arcs show subtle but clear 

evidence of mirror symmetry breakdown. This is seen in, for instance, the (7,±11,1) 

pair of reflections from the l = 1 arc which are illustrated in detail in ph. 4.6a and 

4.6b. In fact, close examination of the l = 2 arc also reveals subtle evidence of mirror 

breakdown. Ph. 4.6c shows that the (14,-12,2) reflection contains an excess line 

(labeled *) that is absent in the (14,12,2) reflection. 

 

The M2 and M3 tests (ph. 4.7 and ph. 4.8) show a similar theme. In ph. 4.7 the 

mirror symmetry is quite good in the l = 0 and 2 arcs. However, the l = ±1 arcs 

show mirror breakdown in, for instance, the (±13,  7 ,1) pair and the (±1,13,  1) pair. 

In ph. 4.8 the tilt away from the [001] zone is smaller and the l = -1 reflections are 

not excited. Here the even order arcs show good mirror symmetry yet the l = 1 arc 
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shows mirror breakdown. This is most apparent in the (13,-3,1) and (3,-13,1) pair in 

the l = 1 arc. The conclusion is that both M2 and M3 are broken primarily in the 

odd order Laue zones. 

 

In contrast, the M4 test (ph. 4.9) shows convincing mirror symmetry in all HOLZ 

arcs. Examination of the l = -1 to 3 data reveals a reciprocal space mirror of high 

quality (ph. 4.9a, b and c). In fact ph. 4.9c, a more heavily exposed part of the l = -1 

arc, shows clear evidence of a GM band through the (  9   9  1) reflection. This 

indicates that the (hhl) mirror corresponds to a glide plane with extinction 

condition hhl : h, l = 2n+1. 

 

 

 
 

Photograph 4.7 The M2 mirror test 
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Photograph 4.8 The M3 mirror test 
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Photograph 4.9 The M4 mirror test 

 

    
 

Photographs 4.9a and b Mirror related reflections from the l = 1 arc 

 

 
 

Photograph 4.9c Part of the l = -1 arc 

 

In summary, the apparent 4mm symmetry of the [001] zone axis is in fact only m 

symmetry. Of the four mirrors M1 to M4 displayed in ph. 4.5, only M4, (hhl), is 

rigorously preserved. The other three mirrors are all broken, with the breakdown 

most apparent in the weak, odd order Laue zones. This shows that crystal A is not 

face-centred cubic and excludes the space group Fm 3c proposed by Yang et al. 

(1991). 

 
This result was convincingly confirmed in detail from a second specimen 

examined over a wide range of tilt angles. 

 
4.3.6 Examination of a Possible Monoclinic Symmetry 
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The m symmetry of the [001] zone excludes the Fm 3c space group proposed by 

Yang. However, this symmetry is consistent with both rhombohedral, R 3c, and 

monoclinic, I2/a or I112/b, space groups. Could it be that the specimens examined 

in this work correspond to the low symmetry, I2/a, phase observed by Yang et al.? 

Monoclinic symmetry was also suggested by du Boulay in a tube source study of 

NdAlO3. That author used the alternative I112/b (unique c axis) setting for the 

monoclinic cell (see §1.5.3). 

 
To test for monoclinic symmetry, crystal A was tilted from the [001] zone, shown 

in ph. 4.5, along the M2 Kikuchi band to the [011] orientation. The crystal was then 

tilted about the [01  1] vector by ~6˚ to reveal the arcs of HOLZ reflections in ph. 

4.10. This exposure shows a second mirror line M', distinct from the mirror, M4, 

observed in the previous section (M' corresponds to (hkk) whereas M4 corresponds 

to (hhl)). The mirror symmetry across M', particularly in the crucial odd order 

reflections, is of good quality. 

 
As in the previous section, care was taken to confine the probe to the region of 

crystal A used to obtain the [001] data. This minimises the chance of the probe 

drifting to another phase or twin domain, ensuring that the CBED data in ph. 4.5 to 

ph. 4.10 comes from a single crystal region. Two mirror planes within the same 

single crystal region exclude the monoclinic symmetry proposed by Yang. 
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Photograph 4.10 

 
4.3.7 Symmetry of the <111> Zone Axes 
 
A survey of the <111> zone axes from seven different specimens revealed axes 

with two distinct symmetries. Care was required to distinguish between them. The 

first was indexed as the [11  1] zone and found to possess m symmetry. As with the 

[001] zone, the m symmetry was most apparent in the weak, odd order Laue zones 

and the mirror normal was found to be [1  10]. This symmetry was most clearly 

revealed using tilted patterns similar to those in §4.3.5 and these results are not 

presented here. 

 
The second axis was not as common and was indexed as the [111] zone. 

Photograph 4.11 shows the [111] zone, which was found in two different crystals. 

The ZOLZ (ph. 4.12) shows convincing 6mm symmetry while the HOLZ (ph. 4.11) 
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shows 3m symmetry with three mirror lines M1 to M31. The whole pattern 

symmetry of the [111] zone is therefore 3m. 

 
 

Photograph 4.11 [111] CBED pattern of LaAlO3

 

                                                 
1 Note: These mirrors have also been tested with tilted patterns - see appendix C 
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Photograph 4.12 The [111] ZOLZ 

4.3.8 The Space Group of LaAlO3 
 
In the unit cell analysis of LaAlO3 (§4.3.2), the Bravais lattice was found to be face-

centred cubic to within 1%. Careful examination of the [001] zone, however, found 

its symmetry to be m (§4.3.5) and this excludes all cubic space groups. The 

symmetry of the unique [111] axis is 3m and this, combined with face centering, 

implies the space group of LaAlO3 is rhombohedral (International Tables, Vol A, 

1992).  

 
With respect to face-centred axes (af, bf, cf), the extinction condition hhl : h, l = 2n+1 

observed in §4.3.5 represents a diagonal, n glide perpendicular to af - bf. This 

narrows the choice of rhombohedral space groups to two. In the non standard, 

face-centred setting these are written as F13n and F1 32/n. With respect to primitive 

rhombohedral or hexagonal axes these space groups are written R3c and R 3c. 

 
To distinguish between these two alternatives requires an explicit test for 

centrosymmetry. The [111] zone (§4.3.7) shows that the ZOLZ has 6mm symmetry 

while that of the HOLZ is 3m. This combination of projection and whole pattern 
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symmetry is consistent with the point group 3m (Morniroli, 1992). A more 

sensitive test for centrosymmetry, however, involves tilting the specimen so that 

the incident beam is perpendicular to the [111] axis. This would be the polar axis 

should the space group be non-centrosymmetric R3c. 

 
The required orientation is the [11 2] axis and, due to the similarity of the <112> 

axes in LaAlO3, this required some experimental care to achieve. The following 

procedure was found to be useful. Firstly a specimen was tilted to the [111] axis 

and, in this pattern, the Kikuchi band containing the single mirror perpendicular to 

af - bf was identified. The specimen was then tilted ~20˚ along this band to the 

[11 2] axis. Ph 4.13a shows the ZOLZ from the [11 2] zone with the (444) reflection 

at the Bragg condition while ph. 4.13b shows the equivalent pattern at the (-4,-4,-4) 

Bragg setting. The high level of correspondence between this pair of ±G patterns 

gives good evidence for the presence of centrosymmetry in LaAlO3. This excludes 

the polar space group R3c and implies that the space group of LaAlO3 is R 3c. 

 

    
 

Photograph 4.13a                                             Photograph 4.13b 
                                         Both patterns are viewed in the beam direction 
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It is essential when recording the ±G pair that the specimen thickness does not 

change between the two incident beam orientations. This requires the pivot point 

to be accurately adjusted so that the probe does not move across the specimen 

surface. Close examination of ph. 4.13a and b reveals various small differences 

between them and it is likely that these arise from a minor change in specimen 

thickness between the patterns. 

 

4.4 Discussion 
 
In the R 3c model of LaAlO3 discussed in §1.5.2, the AlO6 octahedra rotate about 

one of the 3-fold axes of the ideal cubic structure. This rotation results in a 

structure that is only marginally distorted from cubic as shown in fig. 4.2. With 

respect to face-centred axes (af, bf, cf), the atomic sites, together with the reflection 

conditions, may be written as follows: 

 
La 8a 1/4, 1/4, 1/4 h, k, l = 2n 

Al 8b 0, 0, 0 h, k, l = 2n 

O 24e 1/4, -δ , δ  no restriction except 
due to c glide 

              δ  = 0.013 (Howard, 2000) 
 

Here the small movement of weakly scattering oxygen atoms away from the 

(1/4,0,0) sites is the most significant deviation from cubic symmetry. This leads to 

the presence of weak, odd order reflections in the diffraction pattern of LaAlO3. 
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Figure 4.2 R  3c structure of LaAlO3 viewed w.r.t. 
face-centred pseudo-cubic axes (af, bf, cf). 

 

The CBED data reported in §4.3 is completely consistent with the above model, all 

patterns showing the expected weak, odd order HOLZ reflections. These 

reflections, particularly at the tilted orientations used in §4.3.5, clearly reveal the 

breakdown from cubic to rhombohedral symmetry. In addition, the even order 

reflections in the CBED patterns are strong and show little deviation from cubic 

symmetry. This also agrees with the above model where even order scattering is 

dominated by heavy La atoms at the 8a sites. 

 

Matthias (1955) has claimed that LaAlO3 shows ferroelectric properties, which 

requires the structure to be polar. This is at variance with the centrosymmetric 

space group, R 3c, reported in this work. In the most likely polar space group for 

LaAlO3, R3c, the structure may lose centrosymmetry if the cations are displaced 

along the 3-fold axis, away from the 8a and 8b sites. This, however, would result in 

the inequivalence of even order ±G reflections in the [11 2] data and ph. 4.13a and b 

from the previous section show this is clearly not the case. A second possible R3c 

structure involves distorted AlO6 octahedra where the distortion involves a polar 
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distribution of oxygen atoms. For instance, AlO6 octahedra whose triangular faces 

perpendicular to the 3-fold axis are of unequal size. In ph. 4.13a and b this 

possibility would result in inequivalent odd order ±G reflections. It is apparent, 

however, that these reflections, visible as weak rows between the strong even 

orders, show good correspondence. In summary, ph. 4.13a and b is the best 

experimental evidence that the author is aware of directly showing that the 

structure of LaAlO3 is centrosymmetric. 

 

4.4.1 The CBED Study of the Yang Group 

 

Yang et al. (1991) postulate a model for LaAlO3 consisting of a high symmetry 

cubic (Fm 3c) phase together with lower symmetry I2/a and F1 phases. They claim 

the existence of the lower symmetry phases is dependent on annealing conditions. 

In their work specimens annealed for 'short' times are found to contain both cubic 

and low symmetry phases whereas those specimens annealed for 'long' times 

consist mainly of the cubic phase. They conclude that the R 3c structure observed 

in other studies is deceptive because it is an average of these cubic and low 

symmetry phases. 

 

In the present study no evidence for the I2/a and F1 phases has been found. Many 

crystal specimens have been examined and in every case the CBED symmetry is 

consistent with R 3c symmetry. Yang et al. do not provide any diffraction data to 

support the existence of the low symmetry phases. Instead, they provide a dark-

field micrograph showing regions of low intensity which they claim correspond to 

the I2/a and F1 phases. These monoclinic and triclinic symmetries are derived from 

general arguments based upon Glazers (1972) analysis of tilted octahedra in 

perovskites. Given the results presented in this chapter, it is likely that LaAlO3 

phases with I2/a and F1 symmetries do not exist. 
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The cubic Fm 3c symmetry observed by Yang et al. (1991) is based upon symmetries 

observed in ZOLZ patterns. From the cubic phase of their 'short' annealed 

specimen they present the [001] ZOLZ, which is displayed in fig. 4.3. Although this 

shows good 4mm symmetry, this pattern is not sensitive to the small deviations 

from cubic symmetry that can be better observed in odd order HOLZ reflections. 

The reasons for this have been discussed earlier. Yang et al. have overlooked these 

odd order HOLZ reflections resulting in an incorrect Fm 3c conclusion. 

 

Yang et al. also present a [001], bright field, large angle CBED (LACBED) pattern 

which they claim convincingly shows the 4mm symmetry of the cubic phase. This 

pattern is reproduced in fig. 4.4. This is also insensitive to small deviations from 

cubic symmetry as most of the intensity in this pattern arises from ZOLZ 

scattering. In fact critical examination of fig. 4.4 reveals that no mirror lines are 

present. According to the authors, this pattern is obtained from a region of ~5 µm. 

It is likely, therefore, that thickness variation or strains across the probed region 

are the cause of the mirror breakdown in this pattern. A more sensitive method to 

observe the deviation from cubic symmetry in LaAlO3 is to use the tilted HOLZ 

patterns described in §4.3.5. 

 

           
 

     Figure 4.3                                                    Figure 4.4 
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In summary the Fm 3c symmetry proposed by Yang et al. is a misidentification and 

it is likely that the low symmetry I2/a and F1 phases do not exist. The CBED data 

presented by these authors is, in fact, consistent with the R 3c symmetry of LaAlO3 

observed in the present work. 

 

4.4.2 An Assessment of the Effect of Crystal Surfaces  

        on the CBED Data 
 

CBED symmetries, in general, are governed by the symmetry of the whole 

diffracting specimen and this need not be the symmetry of the unit cell. Goodman 

(1974), in particular, has shown that highly tilted specimen surfaces can degrade 

CBED mirror symmetry. This has relevance to the tilted HOLZ patterns used to 

examine mirror symmetry in the [001] axis of LaAlO3 (§4.3.5). It may be asked 

whether the effects of tilted specimen surfaces contribute to any of the observed 

mirror breakdowns in this work? 

 

In §4.3.5 four tilted HOLZ patterns (ph. 4.6 - 4.9) were used to test the four possible 

mirrors, M1 to M4, in the [001] zone axis. Each test involved a tilt away from the 

[001] zone of ~5˚. The patterns were all obtained from a region close to the edge A 

of the crystal specimen imaged in ph. 4.14 (no objective aperture, exact [001] 

orientation). 
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Photograph 4.14 The black dot represents a probe size of 500Å 
The 'twin' feature is discussed in the following section 

 

In general the specimen geometry approximates that of a plate with a surface 

normal within 10˚ of the [001] zone axis. This was estimated from extensive tilting 

of the specimen to the <011> orientations. A close inspection of ph. 4.14 shows 

thickness fringes parallel to the edge A, indicating that this region used to collect 

the CBED data is slightly wedge shaped. To estimate the wedge angle, n-beam, 

thickness fringe calculations were satisfactorily matched to a bright field image 

profile of the specimen taken at the exact [001] orientation. Knowing the 

magnification, this showed the wedge angle was ~10˚. 

 

Given the relative rotation between image and diffraction modes, the four possible 

mirror lines in the [001] zone, M1 to M4, can now be superimposed on ph. 4.14 as 

shown in ph. 4.14a. It is clear that M2 and M3 approximately bisect the wedge at A 

whereas M1 and M4 are approximately parallel to the wedge edge. If tilted 

specimen surfaces contribute to mirror breakdowns, then the tests of M1 and M4 

should be most affected because the wedged shaped specimen, geometrically, 

contains no mirrors here. In contrast, it was observed in §4.3.5 that the test of M4 
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was the only test to show convincing mirror symmetry. This indicates that the 

CBED data, in this case, is unaffected by the crystal surface. 

 

 
 

Photograph 4.14a 
 

In addition, the second mirror observed in this specimen (the mirror M' described 

in §4.3.6) was recorded at an orientation close to the [011] zone. This requires a tilt 

of at least 45˚ from orientation used to record the M4 mirror test. The high quality 

of the mirror M' confirms that significantly tilted crystal surfaces do not affect the 

observed CBED symmetry. 

 

4.4.3 Twinning 

 

At 820 K LaAlO3 undergoes a transition from the high temperature cubic (Pm 3m) 

structure to the R 3c low temperature structure (Bueble, 1998). During this 

transition, any one of the four 3-fold axes of the cubic structure can become the 3-

fold axis of the R 3c structure. This leads to the formation of finite twin domains in 

LaAlO3 crystals, each domain associated with an orientation of the 3-fold axis 

(Marezio, 1972). In the XRD study of LaAlO3 by du Boulay (1997) the crystal 
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specimens were found to contain four distinct twin domains. This greatly impeded 

that authors ability to identify the structure as rhombohedral R 3c. 

 

In the present work the LaAlO3 crystals were cooled rapidly from 950 K to room 

temperature (§4.2) so it is likely that twin domains were formed. However, in the 

many microcrystalline fragments examined in this work, evidence for twinning is 

somewhat limited. In most cases, the CBED data was invariant with translation 

across the crystal surface, confirming it was unaffected by crystal twinning. 

 

Of note, however, is the interesting feature labeled by an arrow in the specimen 

imaged in ph. 4.14. Careful examination shows this to be a thin, wedge shaped 

region with a slightly lighter intensity than the surrounding crystal. The same 

region is seen with better contrast in ph. 4.15, a bright field image obtained at the 

[001] orientation. Here the wedge shaped region (labeled 1) contains a complex 

pattern of fringes and a second feature (labeled 2) appears as a junction between 

two relatively uniform regions of crystal. It is possible that both these features 

correspond to twin domain boundaries. Features with similar morphology have 

been observed by Norton (1995) in a TEM study of twinning in LaAlO3. 
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Photograph 4.15 Bright field image of 'twin' feature 

 

4.5 Future Work - QCBED 

 
To conclude, the following preliminary experiments show that excellent bonding 

charge density data can be obtained from LaAlO3. This, potentially, overcomes the 

serious extinction difficulties encountered in X-ray studies by du Boulay (1997). 

 

The QCBED patterns in ph. 4.16 were acquired at 300kV using a Jeol 3000F TEM 

equipped with a Gatan image filter2. These patterns were all obtained close to the 

[001] zone axis from a region near edge A of the specimen imaged in ph. 4.14. To 

correctly index the four patterns ph. 4.16a - d, the orientation of the unique (hh0) 

mirror line in the [001] zone must be known with respect to the specimen. This has 

been determined previously in §4.4.2 and is labeled m-m in ph. 4.16a. Knowing 

this, Ph. 4.16a is at the exact (2,2,0) Bragg condition (inward facing arrows show 

                                                 
2 At zero loss (10eV window) 
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Bragg locus) and the other patterns 4.16b - d are at the exact (2,0,0), (0,-2,0) and   

(2,-2,0) Bragg settings respectively. 

 

    
 (a)                                                                (b) 

    
(c)                                                                (d) 

 
Photograph 4.16 Near [001] QCBED data 

 

A critical inspection of ph. 4.16 shows that (a) contains a mirror of good quality, 

whereas (b) - (d) show subtle, but significant, breakdowns in mirror symmetry. For 

instance, the pair of reflections either side of the (200) in ph. 4.16b show noticeable 
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inequivalence in parts of the discs. This reflects the subtle breakdown in cubic, 

4mm symmetry in this zone. It also indicates the derived bonding data will 

definitely contain information relating to the R 3c distortion in LaAlO3. 

 

The QCBED patterns have great potential for bonding charge density analysis 

using the two dimensional pattern matching techniques developed by Nakashima 

(2002)3. These involve, firstly, correcting the experimental data for the point spread 

function and geometric distortions. Next, the reflections are rearranged into an 

intensity array, suitable for comparison with calculated intensities. Using either 

Bloch-wave dynamical matrix or Multislice methods, the calculated intensities may 

then be matched to experimental intensities, yielding refined values for crystal 

thickness and low order structure factors on an absolute scale. There is 

considerable detail underlying all these procedures and the reader is referred to 

Nakashima (2002) for the necessary explanations. 

 

The outer reflections in ph. 4.16a - d (blue colour) show enough variation in 

intensity to determine the crystal thickness. In addition, the patterns will be most 

sensitive to the V200 and V020 structure factors4 as these occur most often in the 

data. Refinement of ph. 4.16a - d would give four independent values of V200 and 

V020, which would be interesting to compare. Accurate values of V200 and V020 can 

then be converted to the X-ray structure factors F200 and F020 and used to replace 

the extinction-affected values in X-ray data sets. 

 

Finally, the Δρ  study of LaAlO3 by du Boulay (1997) suffered from both serious 

extinction and twinning in the XRD data set. As outlined above, QCBED can 

potentially correct the XRD data for extinction. However the problems due to 

twinning still remain. If a suitable single crystal LaAlO3 specimen cannot be found, 

                                                 
3 Based on the programs of Zuo (1993) 
4 The indices here are pseudo-cubic. w.r.t. rhombohedral axes the structure factors 
   are V011 and V101. By symmetry they should be equivalent 
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it may be necessary to obtain accurate XRD data using high resolution powder 

methods. This accurate powder data, combined with a QCBED study, may then 

yield a set of structure factors sufficiently accurate for meaningful Δρ  analysis. 

 
With accurate Δρ  maps, features in the Δρ  topography could then be related to 

physical properties of the LaAlO3 crystal. 
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The reader is referred to: Jones, D.M. (2007). Acta Cryst. B63, 69-74. 
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Appendix B 
 
Procedure for Unit Cell Analysis 
 
 

 

 

 

 

The basic requirement is to find a basis {a*, b*, c*} for a primitive reciprocal unit 

cell, i.e. to calculate the Cartesian components of UB: 

 

    

UB = (a∗ ,b∗ ,c∗) =
ax

∗ bx
∗ cx

∗

ay
∗ by

∗ cy
∗

0 0 cz
∗

⎛ 

⎝ 

⎜ 
⎜ 
⎜ 

⎞ 

⎠ 

⎟ 
⎟ 
⎟ 
 

 

In §2.3, figure 2.3 illustrates, schematically, a diffraction pattern that is suitable for 

analysis. If Cartesian axes x and y are in the plane of the pattern and z in the beam 

direction,  and       (ax
∗ ,ay

∗ )   (bx
∗ ,by

∗ ) are obtained from the ZOLZ. Section 2.3 also 

describes, in some detail, the recovery of   (cx
∗ ,cy

∗ )  from the diffraction pattern.  cz
∗  is 

equal to the separation of the FOLZ and ZOLZ layers in the beam direction and is 

given by: 

 

 cz
* = L[1−1 (1+ r 2 L2 )1 2 ] ≈ r 2 2L  
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Here, L is the calibrated camera length and r the FOLZ radius. Both quantities are 

measured in mm and are illustrated in the figure below. 

 

 

 

 
 

Figure Connection between reciprocal lattice of the specimen 
 and diffraction pattern in the TEM. Crystal at C, CRO is the  

direct transmitted beam. CO = L (the camera length) and  
CR =  1 λ  

 

Once the orientation matrix UB is determined, it may be inverted to yield the 

corresponding Cartesian components of the real space cell. The cell lengths and 

angles are then calculated from the metric M as follows: 
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    a = Lλ(a • a)1 / 2    cosα = b • c/( b • b c • c)1 / 2  

 
    b = Lλ(b • b)1 / 2    cosβ = a • c/( a • a c • c)1 / 2 
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    c = Lλ(c • c)1 / 2     cosγ = a • b/( a • a b • b)1 / 2  

 
Note: In the application of the equation for  cz

∗  the camera length and wavelength 
must be known to better than 1% which requires the microscope to be calibrated 
for diffraction. 
 

 
 
 
Appendix C 
 
Near [111] Axis, Tilted Patterns 

 

 

 

 

 

The tilted patterns ph. C1 to ph. C3 show that the three mirrors in ph. 4.11 (M1 to 

M3) are unambiguous. This confirms with high sensitivity the 3m symmetry of the 

[111] zone. 
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Photograph C1 M1 mirror test 
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Photograph C2 M2 mirror test 
 

 
 

Photograph C3 M3 mirror test 
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