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Abstract

These papers describe a new method for the rapid generation of high-resolution bi-

crystal LACBED images, which uses reciprocity to generate the second-crystal transmission

function for a specific doubly-transmitted beam. As a result, sets of bright-field or specific

dark-field LACBED images can readily be generated for sets of inter-crystal displacements, to

allow comparison with experimental results. In Part I we describe results obtained for pure

translations between bi-crystal pairs, while in Part II we describe the method for bi-crystals

incorporating relative rotations as well as translations. It is envisaged that this technique will be

useful for the study of both semi-conductor crystal pair interfaces, and metal-alloy grain

boundaries, in particular.

1. Introduction.

Three electron optical methods have been used until now for the measurement-of rigid

body displacements (RBD) within bi-crystals. The earliest and most generally applied method

is based on the 2-beam diffraction condition, and relies on the image contrast observed at the

position of an internal planar boundary which is inclined to the surfaces of the thin-foil

specimen. For non-integral values of g.R, where g is the diffraction vector of the commonly-

excited Bragg reflection, and R is the RBD vector, (R being defined as the displacement of the

lower crystal; i.e. that part of the bi-crystal specimen which is on the electron beam exit side of

the specimen, and shown as "crystal B" in Fig.3), finite pendellosung fringe contrast (a-fringe

contrast) occurs when the 2-beam condition for the reflection is satisfied. This contrast can be

readily interpreted since the only parameters involved are the structure-factor V g , the geometry
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of the boundary (crystal thickness and boundary-layer inclination), and g.R, the argument of

the phase-shift introduced between the crystal segments for that reflection. An estimate can be

made for g.R by means of a computer simulation technique developed by Head et al. (1973)

[1], This is a 1-dimensional measurement for the component of R parallel to g, so that 3

independent observations with non-coplanar g vectors are required to obtain a definition in 3

dimensions [2],

Another means of investigation is that of direct observation of the atomic structure

involved in the inter-crystal boundary region using high-resolution electron microscopy

(HREM) [3]. In this case the "planar" boundary needs to be aligned so as to be normal to the

foil surfaces, and viewed edge-on in the electron micrograph projection. This method is likely

to give much more insight into the actual atomic arrangement within the boundary layer but at

the same time a less accurate measurement of the displacement between the ideally-perfect

crystal masses involved, compared to the diffraction methods i.e. a resolution limit of around

1 A, setting the limit for the smallest detectable displacement in an image, compares poorly

with the displacement values which can be detected by the other, interferometric methods,

of around 0.1 A. Moreover, in order to specify R fully in 3-dimensions, at least two HREM

lattice imges with different low-index crystallographic directions for the incident electron beam

are required, since each lattice image only provides information on that component of R which

is parallel to the image plane.

Finally, CBED (convergent beam electron diffraction) and LACBED (large-angle

CBED) have been suggested as a means for measuring bi-crystal rigid-body displacements

[4],[5]. With these techniques the inter-crystal boundary layer needs to be approximately

parallel to the bounding specimen surfaces, to allow a sufficient volume of bi-crystal beneath

the electron probe to have a constant plane-parallel geometry. The problem then becomes one

of N-beam electron interferometry between single crystal components aligned (preferably) at a

principle crystallographic zone axis. In their first article Schapink et al.[4] were concerned to

establish the relationship between the diffraction pattern symmetries generated by a bi-crystal
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with a boundary plane mid-way between entrance and exit surfaces and parallel to both. For

this purpose they derived the dichromatic point-group classification of bi-crysta!s aligned

along different symmetry zones. In a second paper [5] these authors described a method for

computer simulation of CBED patterns for bi-crystals, using the eigen-value method due

originally to Bethe (1928). Since the computation time for an N-beam pattern is proportional to

N , corresponding to only one element of a CBED or LACBED display, this method is not a

practical option for general application, and alternative methods, including those which use

symmetry and reciprocity to substantially reduce computation times, should be sought .

* Although the alternative N-beam calculation method of multi-slice incorporating the FFT
algorithm [6], is proportional only to N rather than N3, it is generally agreed that this is not the
method of choice for CBED patterns from thick crystals, but is rather the preferred option for
electron micrograph image simulation, where thin crystals are used with single incident-beam
directions; this is because multi-slice requires an iterative propagation routine which becomes
the dominant time-consuming factor for multiple thick-crystal calculations.

The LACBED method and its Simulation.

The development of LACBED by Terauchi et al. [7] opened up new possibilities for

the examination of metal foils and semi-conductor crystals. For these materials it is usually

possible to obtain sufficiently extensive regions of parallel-sided sample (i.e. regions of around

lOOnm. diameter) to allow LACBED patterns of single diffraction orders to be obtained.

LACBED then combines the advantages of CBED, being an N-beam pattern, with the

advantages of large-angle convergence, obtained without overlapping diffraction orders.

CBED itself allows sensitive detection of small changes in RBD displacement

parameters at grain boundaries, when these boundaries are parallel with the surfaces of the

specimen. In this case the whole pattern is used in a symmetry analysis [5]. However it is

possible also to gain a very great sensitivity to the value of R (the RBD vector) within a single

order of the pattern, by choosing the appropriate order for the observation. This is possible

because each diffraction order is the result of an N-beam interferometric process, and the

intensity distribution within a single order is sensitive both with respect to symmetry, and

intensity details, to small changes in R.
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The introduction of LACBED enhances the range of application in two ways. Firstly,

increasing (doubling or quadrupling) the angular range of the pattern brings in more details,

including more distant K-line intersections, which could be sensitive to R. Secondly,

LACBED permits observation of dark-field patterns from a closely-spaced reciprocal lattice

without overlapping of orders. This factor is of particular significance in dealing with bi-

crystals incorporating mutual rotation, and the formation of 2-dimensional moire patterns

which create dense regions in reciprocal space. Use of LACBED is valuable in another sense,

in that it is simple to show that only a single (bright- or dark-field) order will provide all the

information required to make an accurate estimate of R , with the consequent simplification of

simulation, discussed below. In addition to this, imaging conditions for LACBED patterns

impose a severe momentum filter which eliminates most of the incoherent background from

elastic (TDS) and inelastically scattered electrons [8].

Previous to this present work, a full Bloch wave theory has been given which takes into

account both rigid body shifts and graded strain across interfaces [9], and LACBED analysis

has been used to determine the interface structure of epitaxial Al on (001) GaAs [10]. This

means that LACBED analysis is already at a fairly advanced stage. The present analysis

therefore represents an alternative approach to rigid-body-displacement problems, with certain

advantages for the rapid simulation of test series with incremental vector displacement values.

The Present Method.

N-beam simulation for a bi-crystal for the forward-scattering (transmission) case has

two components, the first a solution for the upper crystal involving the scattering of a single

incident beam into N diffracted beams, involves an NxN scattering matrix operating on a

column matrix with only one non-zero entry (i.e. 1 -> N computation). This is the normal

forward-scattering expression for the transmitted wave amplitude [11],

U = exp{iM//}uo= Su0, (1).

Here H is the crystal thickness, 5* is a unimodular scattering matrix with complex entries, and



(2)
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Calculating for the lower crystal transmission would normally require a complete transfer

matrix from NA beams to NB beams, involving N individual NxN matrices (the N -> N

computation: when N= NA =NB which occurs when the two structurally-equivalent crystals are

translated but not rotated relatively). However when we require only one output beam, as

appears to be the case in LACBED analyses, the bi-crystal transmission function for this

particular direction can be solved by two applications of the normal forward-scattering, 1 -> N

matrix [7], using the operations 1 -> N & N -> 1 in sequence, with consequent saving in

computation time. This is so because we are then able to make use of stored wave functions

computed at the beginning of each session, and apply the rotations and translations by

operations of symmetry.

These simplifications are really essential when it is remembered that the CBED

calculation with the usual assumption of an incoherent source requires the diffraction

computation to be carried out for an MxM pixel display with M the order of 100, and that this

pattern will apply to only one bi-crystal translational-rotational relationship. This makes

computation of a complete series of CBED images covering a range of possible R values

impractical using the earlier method [5] with computation times proportional to N3per pixel [7]

being repeated for each R value. The new approach is possible due to the density of

information in a single LACBED image. It is simple to show that for a particular bi-crystalline

arrangement, one particular diffraction order will provide the greatest sensitivity to R. For

example, as with the 2-beam formulation, either the zero-beam (bright-field image) or the

satisfied g-reflection dark-field image will prove most sensitive in the measurement of R, when

this displacement is parallel or nearly-parallel to g.

In the present paper we consider the case of bi-crystal translations without rotation, or

progressive stacking faulting on a plane, which need not be central to the bi-crystal. This plane
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is normal to the incident beam, so that no dilation effects perpendicular to the fault are

detectable.

2. Application of Reciprocity to bi-crystal computation.

Computations for the stacking fault case serve to show the two salient features of our

approach, namely the sensitivity to R of the N-beam diffraction pattern, and the facility of a

simulation method which invokes the symmetry operations of the bi-crystal.

The way in which reciprocity operates with respect to N-beam transmission electron

diffraction is illustrated in Fig.l. Fig.l(a) shows schematically the diffraction of an incident

beam of unit amplitude into the five transmitted amplitudes a,b,c,d,e, representing the various

hid diffraction vectors g for diagrammatic purposes. Then, Fig.l(b) shows the particle-picture

for reciprocity [12] for the time-reversed beam of unit amplitude, directed along the negative-

"a" direction. This results in an amplitude a* being back-diffracted along the original incident

path. This result is only useful when a crystal-inverting symmetry can be applied to the

diagram; i.e. when the crystal possesses one of the inversion symmetries, 1, 2' or m'. As shown

in Fig.l(b), the diad 2' is sufficient for the one-dimensional pattern illustrated; however for a 2-

dimensional pattern, the inversion operation 1 is needed. Applying this operation to the single

reversed path gives the well-known reciprocity result of Fig. l(c) [13],[14]. Fig.2 then gives

the result as a series, for each diffracted beam.

Application of this to bi-crystal diffraction is shown schematically in Fig.3. Fig.3(a)

shows the initial diffraction by crystal A, and the subsequent incidence problem for

transmission through crystal B. Assuming these crystals are of the same substance, and for the

moment, considering them to be in parallel alignment (without mutual rotation), this second

transmission can be equated to the transmission series sum on the right, derived from the series

of Fig.2 by multiplications by the transmitted crystal-A amplitudes. In summary, we have
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when there is no mutual displacement between crystals. Then the expression,

= I Ug
A. exp 2m(g.r).Ug

B = Z U ^ . e x p 2ra[h.5x + k.5y + 5z.{h2 +

incorporates an inter-crystal displacement R = 6x + 8y + 5z , with g = (h,k,0), where we

have re-indexed the crystal so that the directions z and 001 are normal to the external crystal

surfaces.

It is to be understood from this discussion that this method only accounts for one

double-diffracted beam in the forward direction. Other doubly-transmitted beams are not

evaluated; however the beam to be evaluated can be changed, to one of the other diffracton

orders, by a variation of this technique (see Part II of this series).

In the following calculations absorption, usually incorporated in N-beam computations

phenomenologically by the use of Fourier terms i(V0
! + Vg1 ), has not been included. It is true

that reciprocity does not hold when absorption is included, since electron-loss becomes

electron-gain, under time-reversal. However such terms may readily be included within existing

frameworks, and are not expected to change symmetry-based results [8,9,10]

3. Results for [111] oriented Si.

We now examine the results of computation for a bi-crystal consisting of crystals A

and B as above, for Si in [111] orientation. Three sets of results are shown in Figs.4, 5 and 6

respectively. These results are obtained for the 000 beam and for 300kV. electrons.

Fig. 4 shows the results for crystal thicknesses TA = TB = 1000 A, and with R parallel

to [112]. The series of Fig.4(a)-(j) shows calculations made for increasing R-values, with

increments of 5R = 0.1 x T | = 0.111 A, where a = 5.4305 A for silicon. It is seen that the

greatest sensitivity to these increments lies between (d) and (f), when appreciable atomic-

column overlap occurs between the crystals. The centre of the pattern which is clear (maximum

intensity) at R = 0 becomes black at R = 0.554A, equivalent to 0.25 x £. With crystals A and
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B of equal thickness this can be interpreted in terms of Bloch-wave channelling, as a

transformation from channelling to anti-channelling at the position where the main Bloch-wave

states are reversed in going from A to B. In summary, displacement increments of 0.1 A are

readily detected in parts of the range, but beyond detectability over the less sensitive regions of

displacement.

Fig.5 shows a similar series with the unequal values of crystal thickness, TA= 1500 A,

TB = 500A, and R still parallel to [112], with increments 8R = 1/16 v | . Here the behaviour is

similar except that at the anti-channelling displacement of R = 0.554A the pattern once again

becomes symmetrical perpendicular to the displacement vector but the centre is partially

channelling, or open. The centre is represented by a flat black halo but with a central

transmitting region. Again, this is the logical consequence of having the blocking crystal only

half the thickness of the first crystal so that the anti-channelling effect is weakened.

Finally, Fig. 6 shows a comparative series made for R parallel to [1IX)]. With TA = TB

= 1000A, the maximum sensitivity occurs around R = 0.8A (where steps of 5R = 0.19A are

readily detectable, and the full anti-channelling effect occurs at the pattern-symmetrical

displacement of R = 1.92A = Y^ [110]. In the frames shown in Fig.6, of those on the left

( (a) -> (e) ), Fig.6(a) shows results for 8R = 0.2 xv^ = Sxr^ , and the series continues

at intervals of 0.1 A in dx, as 0.2, 0.3, 0.4, 0.5, 0.6, in Angstrom units respectively. The right

hand column shows the results with half that value between frames, illustrating the much

greater sensitivity to change in R which occurs after a certain minimum displacement. Here the

values for (f) -> (j) are 0.65, 0.7, 0.75, 0.8, 0.85 (Angstrom units). Whereas there is no visible

difference in the images for values of zero and 0.2 in dx, differences can be readilly detected

between values of say 0.65 and 0.7, etc. This can be understood in terms of overlap: when

atomic columns are in partial overlap, slight relative shifts cause a large change in the

projected potential compared with the case when the columns are in near coninddence. This in



turn can be understood in terms of approximately Gaussian atomic potential distributions: with

sufficient displacement, the steepest gradients of the two atomic potential distributions are

being moved relative to one another.

4. Computational details.

For the computation of the Si in [111] orientation for a crystal with (111) faces, the

structure is indexed as trigonal (or hexagonal in projection), in order to retain the orthogonal

form of eqn.3. If HOLZ reflections are ignored, the [111] axis becomes the [001] (hexagonal)

axis, and the space group transforms from Fd3 m to R3 m. The computer program was

developed using Fortran 77 code to run initially on a PC platform. Later development was

carried out to run under AIX on an IBM RISC 6000 mini-system with 64 Mb RAM. The core

of this program involving the solution of the N-beam diffraction problem for an MxM pixel

raster consisted of two programs developed by Allen and Rossouw [15], one using the Bloch-

wave method for evaluating the diffraction amplitudes for a single crystal, and the second

generating an MxM pixel display with M = 200 using 16 grey levels [16]. A screen capture

program was used to save the image which was converted to a postscript file using a GIF

format storage display was converted to a post-script file and printed by laser-printer for the

present investigation. The results for Figs.4,5 & 6 were generated from an initial computation

using 49 beams which required some 1800 minutes of CPU time. From thereon, further images

required to create a whole series took approximately 10 minutes CPU time each. Here only

ZOLZ reflections were taken into the calculation in these trial runs.

S.Discussion of Results.

Computation of the bi-crystal transmission for the 000 LACBED pattern involving a

pure inter-crystal translation R have proved the point that the computation times for a whole

series of displacements are relatively short once an initiating computation has been made and

put on file. These bright-field patterns are the most informative for this pure-displacement

problem, and it is clear that the direction of R can be determined from the resulting pattern, as

the direction of developed asymmetry (compare figs.4 and 6). The absolute value of a



displacement can then be found by finding a match of an experimental pattern from a simulated

series for a range of R values.

The results obtained also allow semi-classical interpretation in terms of "Bloch-wave

Channelling", and this gives confidence to the validity of such an interpretation for qualitative

predictions of the expected zone-axis transmission.

The same principles can now be applied to the more advanced cases involving

rotational as well as translational shifts between crystals, when coincident-site lattices are

developed at the bi-crystal interface, and to cases where the two crystals may have slightly

differing unit-cell dimensions or chemistry.

The single basic requirement for the use of reciprocity in these cases is that the

material structure be centro-symmetric. This will generally be true while we are dealing with

f e e metals and metal alloys; however if materials of lower symmetry are to be dealt with

alternative use could be made of the other crystal inverting operations of 2' and m'.
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FTGI IRE CAPTIONS.

Fig, l(a). Ray diagram for unit-amplitude incident beam normal to the crystal

surface and parallel to the principle zone axis. Five diffracted beams, a -> e are shown.

Fig, Kb). Ray diagram for the reciprocity condition, with single-arrow heads

for forward- and double-arrow heads for reverse-incidence beams. The central

diad (for 2-dimensional inversion) and inversion centre (for 3-dimensional

inversion) are shown at the centre.

Fig. l(c). The reverse-incidence rays of Fig. l(b) inverted by the operator to 1

give the reciprocity result for one diffracted beam.

Fig. 2. Terms in the series created by the action of reciprocity and 1 on each

diffracted ray.

Fig.3. The elements of bi-crystal diffraction for crystals A & B. Retransmission

of the beams emanating from crystal A through crystal B is computed by

applying the inverse operations, appropriately weighted, from Fig.2 (see text).

Fig.4(aWil Bi-crystal LACBED images for the conditions T ^ = T B = lOOOA, for

300kV electrons, at the [111] zone axis for Si, with A-B displacements R along [112].

Increments of R between frames, 5R= 0.111 A, so that R values range from zero

for (a) to 1.0A for (j).

Fig.5(aV(j) Similar series to that of Fig. 3, but for unequal thicknesses, with

T A = 1 5 0 0 A , TJJ= 500A, and with increments 8R = 1/16 £ between frames.

Fig.6(aV(iV Bi-crystal LACBED images for TA=TB= 1000A (300kV

electrons and [111] Si), with A-B displacements R along [llo]. On the left, the

five frames correspond to 5 values 0.2, 0.3, 0.4, 0.5, 0.6, and on the right to

values 0.65, 0.7, 0.75, 0.8, 0.85, with 5R= A.
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