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the contributions of direct Mn2+-Mn 2. and 90 ° Mn 2+- 
O2--Mn 2+ superexchange interactions (Goodenough 
& Stickler, 1967). The positive region spread between 
the Mn 2+ ions suggests a significant contribution of 
the direct interaction, which is compatible with the 
antiferromagnetic order observed along the (0001) 
plane at low temperatures. 
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Fig. 4. Section of the difference Fourier map after the final refine- 
ment with anharmonic thermal parameters through the plane 
containing two neighbouring Mn 2+ ions and the two 0 2- ions 
on the shared edge. Contours are at intervals of 0.10e/~-3. 
Negative and zero contours are in broken and dashed-dotted 
lines, respectively. Distances are in A. 
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Abstract 
The possibility of determining the phase and ampli- 
tude of structure factors from convergent-beam elec- 
tron-diffraction (CBED) patterns, where a few beams 
are simultaneously at the Bragg position, is studied 
by quantitative calculations. Dynamical calculations 
based on a new multislice formula for inclined illumi- 
nation reproduce well the experimental CBED pat- 
terns of GaAs and verify the simple method for deter- 
mining the absolute polarity of GaAs [Taft0 & Spence 
(1982)../. Appl. Cryst. 15, 60-64]. The calculations 
demonstrate the effect of the ionicity on the charac- 
teristic features of the 200 disk. A qualitative com- 
parison with experiments shows that the 200 structure 
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factor of GaAs is close to, but slightly 
smaller than, that obtained from tabulated values 
for free atoms, suggesting a weak charge transfer 
from the Ga to the As atoms. 

Introduction 
Several electron diffraction techniques have been 
employed to determine structure-factor values. The 
Bragg reflections as well as the Kikuchi lines contain 
information about the absolute value of the structure 
factor and the phase relationship between the struc- 
ture factors (Kambe, 1957), because many beams are 
simultaneously excited in most electron diffraction 
experiments. Two of the techniques, i.e. the critical- 
voltage method (Watanabe, Uyeda & Fukuhara, 1969) 
and the intersecting Kikuchi-line method (Gj0nnes 
& H0ier, 1971), have the advantages that they are 
essentially insensitive to crystal thickness. The former 

© 1984 International Union of Crystallography 



K. ISHIZUKA AND J. TAFTO 333 

is quite accurate but requires a high-voltage electron 
microscope with variable voltage, while the latter is 
less accurate but has more generality. On the other 
hand, in studies of the intensities in convergent-beam 
electron diffraction (Goodman & Lehmpfuhl, 1968) 
or of the thickness oscillation of the direct or a 
diffracted beam (Ando, Ichimiya & Uyeda, 1974), the 
crystal thickness has to be known accurately. Thus 
the convergent-beam electron-diffraction (CBED) 
method has been mostly restricted to crystals with 
well defined cleaved planes, and the thickness-oscilla- 
tion method to wedge crystals. 

With the introduction of commercial electron 
microscopes capable of providing CBED patterns 
from areas as small as 100 A~ in diameter the applica- 
bility of CBED has been widely extended, because 
specimens of sufficiently constant thickness over such 
small areas can be found in most cases independently 
of crystal-thinning techniques. It has been demon- 
strated from simple qualitative arguments that the 
information about the polarity as well as the structure- 
factor phase relationships of GaAs can be extracted 
from one CBED pattern by choosing diffraction con- 
ditions similar to those used in the intersecting 
Kikuchi-line method (Tafto & Spence, 1982). An 
advantage of CBED, in addition to its high contrast, 
is the possibility of obtaining information about 
handedness and polarity, which is lost in the thick- 
ness-independent observations. 

In this paper we present dynamical calculations of 
CBED patterns using the multislice method (Cowley 
& Moodie, 1957; Ishizuka, 1982) to obtain informa- 
tion about the ionicity of GaAs as well as to verify 
the simple qualitative arguments of Tafto & Spence 
(1982). 

Experimental 
Thin crystal areas were obtained by grinding a single 
crystal of GaAs in an agate mortar. The CBED experi- 
ments were performed at 100 kV accelerating voltage 
using a Philips 400T electron microscope. Fig. 1 shows 
the GaAs structure as seen along the [011] direction. 
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Fig. 1. A schematic drawing of the GaAs crystal structure as s e e n  

along the [011] direction. Open and hatched circles show Ga 
and As atom positions respectively. The atoms located at a basal 
plane (height 0) are indicated by small circles, and those located 
midway (height ½) by large circles. 

In addition to the mirror symmetry perpendicular to 
the [01 T] direction, this projection has an approximate 
mirror plane perpendicular to the [100] direction as 
far as electron diffraction is concerned, due to the 
small difference in the Coulomb potential of Ga and 
As. Thus the exact zone-axis orientation is relatively 
insensitive to the lack of mirror symmetry perpen- 
dicular to the [100] direction. The absence of mirror 
symmetry is clearly observed by comparing two four- 
beam CBED patterns tilted away from the [011] zone 
axis, which are conjugate to each other. The CBED 
pattern for one such four-beam case is shown in Fig. 
2(a), where the Bragg condition is fulfilled for the 
ZOO, l l,l ,1 and 911 reflections. Fig. 2(b) shows the 
conjugate situation where 200, I I , l ,1 and 911 reflec- 
tions are at the Bragg reflecting positions. Detailed 
features of the ZOO and 200 diffraction disks for differ- 
ent specimen thicknesses are shown in Fig. 3. The 
specimen thicknesses were determined by the 
graphical method (Kelly, Jostons, Blake & Napier, 
1975). Notice, particularly for the thinner crystals, 
that the crossing lines in the disks which are a con- 
sequence of scattering via the 911 and I l , l , l - type 
odd-index reflections appear black in the ZOO disk 
and white in the 200 disk. This suggests that the 
interference is destructive between the direct diffrac- 
tion and the odd-index double diffraction for the ZOO 
reflection, whereas the interference is constructive for 
the 200 reflection (TafW & Spence, 1982). 

(a) 

§IT . . i . i  

IX~ 200 

(b) 
Fig. 2. (a) A CBED pattern showing all reflections involved in 

the ~.00 c a s e .  (b) The two double-scattering paths which con- 
tribute to the 200 reflection. 
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Qualitative interpretation 

The dynamical diffraction amplitude for h, k reflec- 
tion from a parallel-plate crystal can be expressed as 
follows using the polynomial expression (e.g. Cowley, 
1981): 

gt(h, k )=  Y.)-'. Y. . . .  Y. (-itr)"O(hO... 
I n h I h . _ !  

d ~ ( h . _ , ) ~ ( h . ) Z . ( ~ ,  . . • ~,,_,~.). ( l )  

Here h/s denote three-dimensional indices hjkfli of 
each scattering vector and h = T.;_ i hj = (hk l ) .  n 
defines times of interactions. Each • represents a 
kinematical structure factor• ~'. is an excitation error 

r r 

for rth scattering at h r, where h = ~. ~ hi. A function 
• • ] =  

Z .  depends on the speomen thickness and on the 
excitation errors and becomes negligible for large 
excitation errors. Note the summation over the index 
! associated with the reciprocal axis normal to the 
crystal surface• Strictly speaking, a common notation 
with three indices hk l  is not correct to specify the 
dynamical diffraction amplitude. However, for the 
reflection hk l  near the Ewald sphere, the main contri- 
butions to the dynamical diffraction amplitude hk 

come from the terms where l is equal to the third 
index of the common notation, since the final excita- 
tion error ~', is large except for such terms. Thus the 
common notation with three indices can be used to 
specify the reflection near the Ewald sphere. 

The main contributions to 20 dynamical diffraction 
(200 reflection) will be a direct scattering: (000)~ 
(200) and two double scatterings: ( 0 0 0 ) ~ ( l l , l , 1 ) ~  
(200) and (000) ~ (911) -* (200) as indicated in Fig. 
2(b). At the exact Bragg condition the values of the 
Z function for these single and double scatterings 
are proportional to H and H2/2 respectively, where 
H represents the specimen thickness. Hence 20 and 
20 dynamical diffraction amplitudes (200 and 200 
reflections respectively) can be expressed: 

~(20) - - io'H~(200) ÷ ( -  iorH) 2/2[ ~(  1 l, 1, ]) ~ (9]  l ) 

+ O(911)~(1 l , l , l ) ]  (2a) 

and 

gt(20) - - i o ' H ~  (200) + ( -  icrH)2/2[ ~(  1 l, l, 1)O(9T 1 ) 

+ ~(91T)~(I l , l , l ) ]  (2b) 

respectively. 

500 200 

4 7 5  

8 3 0  

1 0 0 0  

1350 

1 8 0 0  

Fig. 3. Detailed features of the 200 (left column) and 200 (right column) diffraction disks for different specimen thicknesses. The 
estimated specimen thicknesses are indicated in ,~. 
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The kinematical structure factor of GaAs crystal is 
expressed as 

• (hkl)= {fGa(hkl) exp [27ri(-~)(h + k +/)]  

+fgs(hkl) exp [27ri(+')(h + k + l)]}G(hkl) 

(3) 

where G is a geometrical factor for a face-centered 
cubic system, which is four when three indices are 
all even or odd, otherwise zero. With the Ga and As 
atoms respectively placed at ( - ½ , - ' , - ~ )  and (', ~, ')  
as well as equivalent positions, this expression 
reduces as follows for the participating reflections: 

qb(200) = 8A2ooi , rib(200) -- -8A2ooi (4a, b) 

• (91 T)= ~(9T1)= 4x/2(f9~, + A9,, i)-- 4x/2f9, I, (4c) 

ch(~)l T)= ch(OT1)=4x/-2(fq,i - A9~,i)- 4x/-2f91,, (4d) 

• (11,1,T)= qb(11,T,1) = -4x/2( f l , ,~ , , -  A ~t,,,~i) 

-4x/2f,  ,,1,1, (4e) 

and 

qb(11,1,1) = qb(l 1,1,1) = -4x/2(f=l,¿,~ +A ~1,,,=i) 

- 4 ~ / 7 f ,  t , , , , .  ( 4 f )  

Here we rewrite f G a = f  - A  and fA ,= f+A,  where A 
is positive. Hence the direct scattering into the 200 
reflection is almost in phase with the double scatter- 
ing, while the direct scattering into 900 is out of phase 
with the double scattering. This explains the construc- 
tive and destructive interferences for the 200 and 200 
reflections, respectively, at relatively t h in  regions 
(Taft0 & Spence, 1982). 

The expressions of the dynamical diffraction ampli- 
tudes (2) also illustrate thickness dependence. The 
single scattering is proportional to specimen thick- 
ness, whereas the double scattering is proportional 
to the square of the thickness. The contribution from 
the double scattering will become dominant over the 
single scattering from a certain specimen thickness, 
and high intensity is expected at the Bragg positions 
of 200 as well as 200 reflections. The angular depen- 
dence of the diffraction amplitude is interpreted as 
follows. The double scattering involves the excitation 
errors at 911 and 11,1,1 or 911 and ]-], 1,T for 200 or 
?.00 cases, respectively. Because the excitation errors 
for large scattering vectors change rapidly with the 
incident-beam direction, the contribution from the 
double scattering is restricted to near the Bragg posi- 
tion. This explains the appearance of two minima 
surrounding the central maximum in the 200 reflec- 
tion disk at thick regions. At these incident-beam 
directions the reduced contribution from the double- 
scattering paths cancels the contribution from the 
single scattering. 

Calculations and discussions 

A CBED simulation program has been developed for 
a PDP-11/34 with an AP400 array processor. This 
program uses a new multislice formula (Ishizuka, 
1982) for a large-tilt illumination. Multislice calcula- 
tions are carried out for each incident-beam direction 
by changing the propagation function. The effect of 
reprojection of the potential distribution is found to 
be negligible. The convolution in the multislice 
iteration is performed very quickly using a two- 
dimensional fast Fourier transform routine on the 
AP400 core memory. The number of beams involved 
in the calculation is restricted by the AP400 core size, 
provided that the host computer has sufficient 
memory.* 

The angle between the central direction of the 
incident beam and the [011] axis is 13.5 ° for the 
four-beam situations shown in Fig. 2. The accelerating 
voltage of 100 kV is assumed and each calculation 
includes the reflections within a radius of 3 ,~- ' .  The 
Pendellrsung plots (thickness dependence) of the 
scattering amplitudes are shown in Fig. 4. The ampli- 
tude of the ?.00 reflection is small up to about 1000 
due to the destructive interference (Fig. 4a), whereas 

* In our case the number of beams is restricted to 4096 (4K). 
The core sizes of PDP-I 1/34 and AP400 are 64K words (16 bits) 
and 36K words (24 bits) respectively. The maximum core size of 
AP400 is 64K words. 
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Fig. 4. PendellSsung plots of scattering amplitudes for two four- 
beam conditions. (a) and (b) show the 200 and 200 cases respec- 
tively. 
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the amplitude of the 200 reflection increases more 
rapidly with thickness due to constructive interference 
(Fig. 4b). Another important feature demonstrated in 
Fig. 4, except for the 400-type reflection, is the long 
extinction lengths for the reflections involved. Thus 
the quantitative calculations with many beams have 
verified the qualitative arguments including only the 
reflections close to the Ewald sphere to predict the 
features of the 200 and ZOO reflections and the simple 
method for determining the absolute polarity of GaAs 
and other crystals with zinc blende structure (Taft~ 
& Spence, 1982). 

Rocking curves (angular dependence) of the scat- 
tering intensities across each Bragg position along 
the [100] axis are shown in Fig. 5, where the specimen 
thickness is 1400 A. A small maximum appears at the 
exact Bragg position for the 200 reflection. The peak 
positions of the odd-index reflections slightly shift 
from the Bragg position. Since the single scattering 
and the double scattering via the 200 reflection inter- 
fere with each other, these peaks should appear at 
the exact Bragg position when the structure factors 
of the odd-index reflections have no imaginary com- 
ponent. This is not the case [see (4)], and the contribu- 
tions from the single and double scatterings are 
slightly out of phase at the exact Bragg position. This 
phase difference is compensated by the phase change 
of the Z function introduced by a small change of 
the incident-beam direction from the exact Bragg 
position. 

1.0[ 

0.8 

0.6 

0.4 

0.2 

0.0 
4 2 0 -2 -4x10"2~ "I 

Fig. 5. Rocking curves along the [100] axis for some reflections of 
the 200 case at the specimen thickness of 1400 .~. The deviation 
from each Bragg position is expressed in the reciprocal-space 
unit (/~,-1). (The distance between 000 and 200 reflections is 
0.1769 ,~,-~.) Incident beam of unit intensity is assumed. 

Rocking curves of the ZOO reflection for different 
specimen thicknesses are shown in Fig. 6. The 
intensity at the exact Bragg position increases 
gradually with thickness. Two minima corresponding 
to the dark lines in the experimental ,200 diffraction 
disk are reproduced. The minimum distance between 
these lines (gap distance) is relatively independent of 
specimen thickness. 

On the other hand, the corresponding gap distances 
in ZnSe and ZnS are different from that in GaAs 
(Taft , ,  1982): The gap is smallest in ZnS and also 
the gap in ZnSe in somewhat smaller than that in 
GaAs. This suggests that the gap distance decreases 
with increasing magnitude of the 200 structure factor. 
A similar trend has been observed in studies of 
Ga~_xAlxAs with different values of x (Liliental & 
lshizuka, 1982). 

A question which thus arises is whether the gap 
distance can be used to determine the value of the 
200 structure factor, in other words, the ionicity. 
Because the 200-type structure factor depends on the 
difference A of the atomic scattering factors of Ga 
and As, this low-index reflection is very sensitive to 
charge transfer between these two species, and thus 
to the ionicity of GaAs. Calculations were carried out 
varying the 200-type structure factor, and these results 
are summarized in Fig. 7. The intensity of the central 
maximum of the ~-00 reflection is quite insensitive to 
the value of the 200 structure factor. This demon- 
strates that the main contribution comes from the 
double scattering including the odd-index structure 
factors. On the other hand, the side maxima (see Fig. 
6) increase with increasing 200 structure factor, since 
their intensity is determined by single scattering. The 
gap distance, which depends on the balance between 
the single and double scatterings, varies mono- 
tonically with the 200 structure factor. Thus it may 
be possible to determine the ionicity from the gap 
distance. 

0.6 

1800 
0,4 

>* /1600~ //~ 

'~ [14~00\ 

800 A 

0.0 "3-- 
1 0 

I 
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Fig. 6. Rocking curves of the 200 reflection for difIerent specimen 
thicknesses. The number on each line shows the specimen thick- 
ness in /~. 
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A n o t h e r  i m p o r t a n t  fac to r  affecting the gap d is tance  
is the the rmal  v ib ra t ion  o f  a toms to which  the high- 
index  s t ructure  factors  are cont ra r iwise  sensit ive.  The  
effect o f  the the rmal  v ib ra t ion  is also s tudied  by 
chang ing  the D e b y e - W a l l e r  factor.  Fig. 8 summar izes  
the results,  which  d e m o n s t r a t e  the d e p e n d e n c y  o f  the 
gap d i s tance  on the D e b y e - W a l l e r  factor.  Since the 
fea ture  of  the 200 C B E D  pat te rn  is sensi t ive to the 

10 -3 ¢A" 10 11° 
._~ 

0 5 Side Pe:k.i.~/~"! 

Central 
500 1000 1500 

Thickness 

o.5 

Fig. 7. Effects of the 200-type structure factor on the features of 
the 200 CBED pattern. Solid, dashed and dotted lines show the 
results for the 200 structure factor multiplied by 0-8, 1.0 and 
i.2, respectively, where B = 0.45/~2. 

. . . . . .  , . o  
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Fig. 8. Influence of the Debye-Waller factor on the 200 CBED 
pattern. Solid, dashed and dotted lines show the results for which 
B = 0.60, 0.45 and 0.30 A, 2 respectively. 

ion ic i ty  o f  GaAs  as well as the  D e b y e - W a l l e r  factor ,  
it is difficult  to es t imate  these  two pa ramete r s  i ndepen -  
den t ly  on ly  f rom the  easi ly  measu rab l e  gap  d is tance  
on the ?-00 disk. However ,  if  the value  o f  the D e b y e -  
Wal le r  fac tor  is larger  t han  0.45 ~ 2 , .  t hen  a qual i ta-  
tive c o m p a r i s o n  with the exper imen ta l  gap  d is tances  
shows tha t  the 200 s t ruc ture  fac tor  shou ld  be reduced  
as c o m p a r e d  to tha t  ob t a ined  f rom the  scat ter ing 
factors  based  on the relat ivis t ic  H a r t r e e - F o c k  calcula-  
t ions  for  the free, neu t ra l  Ga  and  As a toms  (Inter- 
national Tables fo r  X - ray  Crystallography, 1974). This  
suggests a weak charge  t rans fe r  f rom the  Ga  to the 
As a toms.  

The  au thors  a c k n o w l e d g e  the suppor t  o f  the N S F  
H R E M  faci l i ty  in the Cen t e r  for  Solid State Science 
at Ar i zona  State Univers i ty  (Gran t  No. CHE7916098)  
and  the  N S F  Gran t  No.  DMR8002108.  

* The value 0.60 ,~2 is tabulated for GaAs in International Tables 
for X-ray Crystallography (1968). 
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