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Electron diffraction from a perfect single crystal shows the influence of many-beam interaction.
Investigations with a single crystal wedge allow a direct analysis of the Bloch-waves which are dis-
played into their partial waves. The strength of the dynamical interactions in a MgO crystal wedge
was investigated by comparing the photographic record of a section through the dispersion surface
with many-beam calculations. For a direction of the incident beam near the [110] zone axis the
interaction of at least 50 beams has to be taken into account. Using a 50-beam calculation the
structure potential V;; was determined to 1.80 volts * 3%.

The influence of many-beam interactions on the absorption and the extinction fringe profiles in
electron micrographs is discussed. Analysis of extinction fringes on the basis of a 50-beam approxi-
mation allowed the determination of the mean absorbing potential ¥,im of MgO to 0.7 volts +10%.

The electron diffraction pattern from an undis-
torted perfect single crystal shows very clearly the
influence of many-beam interactions. The more ac-
curate the experimental observations become the
more accurate the approximations of the dynamical
theory have to be, in order to understand and to
interpret the diffraction figures. This was already
shown in convergent beam investigations® where
diffraction diagrams were obtained from parallel
sided undistorted crystal regions of only 150 A to
200 A in diameter. The probability of finding an
undistorted region increases with decreasing dia-
meter of the investigated crystal area. The analysis
of the Kossel-Mollenstedt diffraction pattern was
done by a many-beam approximation using compu-
ter methods. The information from complicated
dynamic diffraction diagrams allows an accurate
determination of the low-indexed structure poten-
tials and the absorbing potential, provided the ap-
plied approximation of the dynamical theory is suf-
ficiently accurate. Low-indexed structure potentials
contain information on the binding of the atoms in
the crystal. Comparison of accurate experimental
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observations with calculations for different models
are of some interest.

In a perfect crystal with periodic potential the
incident plane wave generates wave fields or Bloch-
waves, which are a superposition of plane waves 2.
The wave vectors of the partial waves in the crystal
are connected with the vacuum wave vector by the
boundary conditions. These Bloch-waves are sepa-
rated into different plane waves when the exit sur-
face of the crystal is not parallel to the entrance sur-
face. Consequently, a more direct analysis and ob-
servation of the dynamical effects is possible in the
diffraction experiment with a crystal wedge.

In the diffraction diagram the strongest partial
waves can be observed as a fine structure of the re-
flections. Their separation is related to the crystal
potential. This was shown in many papers for two
beam situations in MgO 3. Since each fine structure
spot represents a point on the dispersion surface,
the dynamical interaction of many beams in an un-
distorted single crystal can be seen very clearly in a
photographical record of a section through the dis-
persion surface . On the other hand each fine-struc-
ture spot represents one wave field, containing in-
formation on the absorption coefficient of this parti-
cular wave field. The absorption coefficients of the
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wave fields are related to the absorbing potential.
In a previous paper * we reported on an experiment
with a MgO cube. Now the strength of the dynami-
cal interaction was investigated near a low-indexed
zone axis and it will be shown, how the structure
potential 7;; of MgO can be determined with good
accuracy from dynamical interactions of the waves
in the crystal.

Experiment

The experimental method of recording a section
through the dispersion surface was described in detail
in a previous paper % Therefore the experimental con-
ditions can be described here very briefly. The MgO
crystal wedge of 3—4 mm edge length was formed by
two adjacent (100) cleavage faces. The crystal wedge
with a wedge angle of 90° has the thin region only
very near the edge. It is possible to find undistorted
regions along the edge of several microns length. The
orientation of the crystal was adjusted so that the 002
interference was excited. Figure 1 shows the principle

Fig. 1. Principle of recording a section through the dispersion
surface. While the crystal is rotated about the edge (parallel
to [001]) the photographic plate is moved in the direction
of the arrow. Each of the two reflections is separated into
three partial waves. Se is the direction of the incident beam.

for recording a section through the dispersion surface.
While rotating the crystal about the [001]-axis which
was parallel to the edge, the photographic plate was
moved in the direction of the arrow. The diffraction
situation can be described exactly by the two para-
meters G and H as shown in Fig. 2 for a given wave-
length of the electrons. We see the intersection circle
of the Ewald-sphere with the (110) plane of the reci-
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procal lattice. The Ewald-sphere intersects the [110]-
axis at G and the [001]-axis at H. In the following we
use for G as units the length of the vector [110] and
for H the length of the vector [001] of the reciprocal
lattice. That means e. g. if G=4 and H =2, the Ewald-

Fig. 2. Section of the Ewald sphere with the (I10) plane of

the reciprocal lattice. The diffraction situation is defined by

the intersection points G and H of the Ewald sphere with the

[110] axis and the [001] axis. Se is the direction of the in-
cident beam.

sphere intersects the [110]-axis in the point 440 of the
reciprocal lattice and the [001]-axis in the point 002.
If H=2 the 002 interference is exactly excited. Rotat-
ing the crystal about the [001]-axis for recording a
section through the dispersion surface, the excitation
conditions for 002 remain constant while G changes.
Such a section through the dispersion surface is shown
in Fig. 3a*. The influence of accidental interactions
can clearly be seen in this diagram. Near the zone axis
[T10] at G=0 we see three strong branches of the dis-
persion surface and a weak fourth one. At G=2 the
reflections 220 and 222 are exactly excited. We see
the strong dynamical interaction in the strongly de-
formed branches of the dispersion surface. A 19-beam
calculation in Fig. 3b was in good qualitative agree-
ment with the experimental observations. The calcula-
tions were done as described in Refs. 4 or ®. The ab-
sorption was taken into account by an imaginary po-
tential (absorption potential) using a perturbation me-
thod of KAMBE®. In the diagram only the branches of
the dispersion surface are plotted belonging to partial
waves with sufficient intensity.

Strength of the Dynamical Interaction

A more thorough comparison of calculation with
experimental observations shows disagreement, both
in the separation of the branches of the dispersion

* Figures 3,4 and 5 onp.428 a, b.
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surface and the intensities of the partial waves. The
separation of the branches of the dispersion surface
depends on the position in the reciprocal space. It is
very difficult to determine exactly the plane of in-
tersection with the dispersion surface from an ex-
periment. In Fig. 4 we see how sensitively the sec-
tion through the dispersion surface changes with the
excitation eror of the 002 interference. The sections
are recorded simultaneously in the 220 and in the
222 interference. If 002 is exactly excited the sec-
tions should be identical in both reflections because
of symmetry. There exist more pairs of such sym-
metrically related reflections e. g. 11T and 113 or
002 and 004. The observation of the symmetry is a
most sensitive test to check if the excitation error of
002 is zero 7.

For comparison of calculations with experimental
observations it is necessary to know exactly the
plane of intersection with the dispersion surface. By
a sequence of photographical records of sections
through the dispersion surface with slightly different
excitation errors for 002 one obtains information
in a defined volume element of the reciprocal space
which can be better compared with many-beam cal-
culations.

Most suitable for an analysis was the distance
between the three strong branches of the dispersion
surface at G=0 and H=2 in Fig. 3 and Fig. 5
showing a minimum. This minimum can clearly be
seen by rotating the crystal about the [001]-axis
while 002 is exactly excited as shown in Fig. 5a
and also by rotating about the [110]-axis in Fig. 5b
while G =0. This characteristic minimum can easily
be determined experimentally. So the many-beam
calculation need only be done for exact excitation
of the 002 interference at H=2 and G=0 i.e. for
the primary beam lying in the (110) plane. The
existence of the three strong branches of the dis-
persion surface indicates strong influence of 111
and TT1 reflections.

Firstly it was not possible with a 19-beam calcu-
lation to find agreement with observation both in
intensity and separation. In Fig. 6 we see the cal-
culated distances between the three strong branches
of the dispersion surface for different numbers of
beams. Above 50 beams the calculated distances be-
gin to converge. The influence of up to 108 beams
was estimated in the following way: Since the pro-
gram allowed only a 70-beam calculation, the con-
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Fig. 6. Calculated distances of the three strong branches of

the dispersion surface in the 002 interference at G=0 and

H=2 for different numbers of beams. Energy of the electrons:
50 keV.

tribution of the 51-st up to the 70-th beam was esti-
mated from the difference of a 50-beam and a 70-
beam calculation. Another 68-beam calculation was
made including the first 50 beams and the 71-st up
to the 88-th beam and finally a 70-beam calculation
including the 89-th up to the 108-th beam. The con-
tributions of all these beams were aded giving rise
to the value of the distances of the three branches
for a 108-beam calculation. It was supposed that
this method is allowed because of decoupling of
high-order reflections with large excitation errors.
This result is in agrement with TINNAPPEL’s exact
calculations 8 using group theory in a symmetric
case for reducing the fundamental equations of the
dynamical theory.

Electron diffraction study of only systematic in-
teractions ! showed the importance of many-beam
interactions in an one-dimensional diffraction case
with strong low-order reflections ?. In the systematic
investigation of MgO, the interaction of 13 beams
was taken into acount. Later on it was found that a
7-beam calculation is sufficient for an agreement
with the experimental observation. From this result
one can estimate that for a full 2-dimensional dif-
fraction situation the interaction of at least 50 beams
is important. Also COWLEY !® and FIsHER !! have
found that in a many-beam calculation near a low-
indexed zone axis the interaction of at least 50
beams has to be considered.
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Structure Potential Determination

The possibility of accurate determination of struc-
ture potential from the observation of dynamical
many-beam effects in diffraction diagrams is well-
known. So it was investigated how accurate low-
indexed structure potentials can be determined from
sections through the dispersion surface. In Fig. 7
the sensitivity of the separation of the branches to
the structure potential is shown. In the 50-beam cal-
culation only one structure potential was changed
about 0.2 Volt at once. We see that all structure
potentials have an influence on the separation, the
even indexed structure potentials having an influence
on both branches which is in the same sense and
the odd indexed ones — which depend on the differ-
ence of the scattering between oxygen and magne-
sium — having an opposite influence on the two
branches. Furthermore we se that the distances are
most sensitive to the structure potential V' ;. Just
this low-indexed structure potential is not well-
known, since it is influenced by the binding of the
atoms in the crystal that is by the valence electrons.

The question is now, how accurate are the other
structure potentials known. For the structure poten-
tials V3y1, V331, and Vsgq such a large variation of
0.2 Volts is not realistic since this would be a
change of about 70%. Already BriLL, HERMANN,
and PETERS 12 have shown that the structure factors
of MgO determined from X-ray data for high order
indices are in good agreement with the values cal-
culated from tabulated atomic scattering amplitudes.
This was confirmed by X-ray investigations of To-
GAWA 13 and SANGER !, For values of sin ©@/1 which
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are larger than that corresponding to the 222-reflec-
tion the differences in the atomic scattering ampli-
tudes for different quantum chemical models are
only in the order of one percent. That means that
one is justified to use in the calculation tabulated
Hartree-Fock values for the higher indices. The dif-
ferent models of the binding of the atoms in the
crystal 1% 16 Jead to different scattering amplitudes
only for small scattering angles corresponding to
low indices. Therefore experimentally determined
structure potentials for 002 and 220 were used. The
value for 002 was determined with high accuracy
of 1% from convergent beam experiment! taking
into account the systematic interaction of 13 beams.
This value was confirmed by investigations of HERZ-
BERG 17. The value of Vy,, was determined from a
wedge experiment with an accuracy of 2% using the
2-nd Bethe approximation considering the influence
of many systematic and accidental interactions. In
the 2-nd Bethe approximation the influence of other
weak excitations is taken into account by additional
potentials, so-called “Zusatzpotentiale”. HERZBERG 17
showed that this approximation leads to quite ac-
curate results for exact excitation far away from
low-indexed zone axes.

The inaccuracy of all structure potentials used
in the calculation lead to very small errors in the
calculated distances of the branches of the disper-
sion surface. So we are justified in determining the
structure potential V;;; by fitting the calculation to
the experimental observation.

From Fig. 7 one can see that the Debye-Waller
factor had to be known very accurately. The in-
fluence of this factor on the separation is shown in

(] Vin Van Vi Viiz

o -
210 0/,,/ _o/o/o e om—o0— — oo
200 ~
Bo‘i ’\’\' T — —_———. — —, —
90} e ———

17 18 19 20 21 22 0 01 02 03 04 05 0 01 020304 05

[u] V200 Va20 V222

-
210 ’°/°/° —o——0—9%— _o/°/°
200

- -
I e e—

0 01 0203 0405
[voLr]

Vio0

o—°

ce—— e ——

Fig. 7. Distances of the three strong bran-
ches of the dispersion surface of MgO for

70 +—/—7——— T —TT% [T v

66 67 68 69 70 71 47 48 49 50 51 52 3637 38 39 4041

T

2930 31 3233 34
[vout]

different structure potentials at G=0 and
H=2 calculated with a 50-beam approxi-
mation for 50 keV electrons.
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different excitation errors of 002. For exact excitation of 002
(H =2) the sections should be identical in both reflections
(if there would be no absorption).
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Fig. 5. Sections through the dispersion surface recorded in

the 002 reflection showing the minimum distance of the three

strong branches at G=0 and H=2. a) Crystal was rotated

about the [001] axis with H=2 from G=—1 to G=+1;

b) The Crystal was rotated about the [110] axis with G=0
from H=+41.5to H=+2.5.
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Table 1 where the distances are calculated for two
different sets of B-values. It was not possible to fit
the calculated distances of the three strong branches
by varying the Vjy; structure potential using the
B-value of ToGAWA '3 or the values of SANGER !4

Table 1. Calculated distances of the three strong branches of

the dispersion surface of MgO for 50 keV electrons at G=0

and exact excitation of 002 for different coefficients B of the
Debye-Waller factor (Camera length 405 mm).

Distances Temperature factor References
83.3 u 210 u Byg = 0.26 A ToGgawa 13
Bo =0194
811 208 u Byg = 0.30 A GOODMAN 18
Bo =0304A

(By=0.315 A2 and By, =0.346 A%). With the B-
value of GOODMAN ! which was obtained for MgO
from electron diffraction experiment the structure
potential ¥;;; could be determined with about 3%
accuracy. In Table 2 the result is shown together

Table 2. Low-indexed structure potentials which were used in

the many-beam calculation with temperature factor B=0.3 A2

(L. c. Ref. 18). The value for 111 was determined in the pre-
sent experiment.

hkl Vg (T=300°K) Viri (T=0°K) Accuracy Reference

Volt Volt %
111 1.78 1.80 3 present
experim. 1?
200 6.87 6.99 1 g
220 4.92 5.10 2 32

with the low-indexed structure potentials which were
used in the many beam calculation giving the best
fit to the experimental observation. All other struc-
ture potentials were calculated from relativistic Har-
tree-Fock electron scattering amplitudes for neutral
oxygen and magnesium according to DOYLE and
TURNER 0. The 111 structure potential was deter-
mined from the present experiment. This value is in
agrement with the value determined in an earlier
investigation 2!, The good agreement may be acci-
dental since the separation of the branches of the
dispersion surface in a two-beam situation due to
the 111 structure potential is very small, so that the
error of measurement becomes important. In the
zone axis pattern however the additional effect of
V111 on the separation of the branches can be mea-
sured with better accuracy.
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With these structure potentials the distances of
the three strong branches of the dispersion surface
were calculated for different accelerating voltages
and in Fig. 8 compared with experimental obser-
vation. They show good agreement except near
40 kV. The reason may be a distortion of the crystal
edge which cannot be detected easily in the diffrac-
tion diagram at lower voltages because of the weak
intensity or because of the stronger influence of the
absorption on the coherent finestructure overlapping
at lower voltages.
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Fig. 8. Distances of the three strong branches of the disper-

sion surface for different accelerating voltages at G=0 and

H=2. (®) 50-beam calculation with B=0.3; (%) experimen-
tal observation.

Scattering Factor for Oxygen

In several papers the ionic state of MgO and
especially the electron state of the oxygen ion was
treated 22724, It was mentioned above that the low-
indexed structure potentials contain information on
the binding of the atoms in the lattice. Since the
scattering factor of the Mg ion differs only a little
from the scattering factor of the neutral Mg atom
(e. g. Ref. 2%) we can recalculate the scattering fac-
tor for oxygen in the MgO lattice from the measured
structure potential. From these values the X-ray
scattering factors were recalculated and in Fig.9
compared with scattering factors for ionized oxygen
calculated by ToxoNAMI 24 from YAMASHITA’s wave
functions and with relativistic Hartree-Fock scatter-
ing factors 2® for neutral oxygen. Between the two
solid curves there lie the scattering factors of other
ionic models of WATOSN 1% or Suzuk1 6. Only the
scattering factors calculated by Fukamachr and
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curve. In Fig. 9 the errors of the recalculated scat-
tering factors are different from the errors of the
structure potential due to the assumption that the
Mg scattering factors are exactly known 25, So the
error for (111) is only 1%, for (200) 0.5% and for
(220) 2.5%.
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Fig. 10. Electron scattering factor for oxygen.
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However the difference between the models is
more clearly shown by comparing the scattering
factors for electrons f,. These are plotted in Fig. 10,
calculated from the X-ray scattering factor using the
MoTT-relation 26

fo=0.023934- 2= 1=

with s=sin ©/1 and atomic number Z. It is signi-
ficant that the experimental value for (111) with
the error bar lies between the different models and
does not fit any of them.

Absorption

The dynamical interaction of the wave fields in
the crystal can have a strong influence on some
phenomena in the diffraction diagram which are
due to the absorption of the electrons. In the sec-
tion through the dispersion surface in Fig. 3 a one
can see that the partial waves belonging to different
branches have different intensities. These differences
are partially due to the absorption and partially due
to many-beam interactions. The influence of the ab-
sorption can be clearly seen by comparison of cal-
culated intensities of the partial waves with experi-
mental observations, and the influence of many-
beam interactions by comparison of a 2-beam ap-
proximation with many-beam calculations. The am-
plitudes of the partial-waves in the 2-beam approxi-
mation without absorption are well-known, see e. g.
HasHiMoTO, HOWIE, and WHELAN 27, The two par-
tial waves in the reflection have the same intensity.
In a many-beam approximation without absorption
the partial waves have different intensities. The dif-
ferences increase with increasing dynamical inter-
actions. There exists one partial wave which carries
nearly 25% of the primary intensity independently
of the dynamical interactions. This partial wave is
represented by the horizontal branch of the disper-
sion surface in Fig. 3 a and b which has only very
few deformations. The other branches are strongly
influenced by the dynamical interactions. The ratio
of the calculated intensities of the two strongest
branches in the 002 reflection for different orienta-
tions is shown in Table 3. These intensities corre-
spond experimentally to the interpreted intensities
of the finestructure spots. In a two-beam approxima-
tion the ratio is one since the two partial waves of
the reflection have equal intensity. From Table 3
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one can see that at G =11.5 far away from the zone
axis the intensity ratio differs only a little from 1.
But near the zone axis the difference due to many-
beam interactions is very large. If one would inter-
pret this difference by anomalous absorption one
would obtain a Fourier coefficient of the absorbing
potential which is too large.

Table 3. Ratio of the intensities of the two strongest branches

in the 002 reflection, calculated with a 19-beam approximation

without absorption. G indicates as in Fig. 2 the intersection

of the Ewald sphere with the reciprocal [110] axis. 002 was

exactly excited. 1 (3’ are the amplitudes of the two strongest
partial waves of the 002 interference.

G 150 (1%, W b0 Yo

2.8 0.45 0.3235 —0.4765

5.0 0.90 0.4433 —0.4955
115 0.95 0.4873 —0.4977

GJjoNNES 28 as well as KAINUMA and YOsHIOKA 29
tried to take into acount this many-beam effect in a
two-beam approximation by introducing imaginary
parts into the structure potentials using complex
dynamical potentials. KAINUMA and YosHIOKkA 2°
called this effect damping due to weak-beam scatter-
ing. This approximation was done to estimate the
order of magnitude of the influence of many-beam
interactions. However with the possibility of using
better approximations of the dynamical theory such
a treatment becomes unnecessary.

The intensities calculated without absorption do
not agree with the experimental observation. This
discrepancy and especially the broadening of the
different finestructure spots in the diffraction pat-
tern can be explained only by introducing absorp-
tion coefficients for the different wave fields 3° which
corresponds to the introduction of an imaginary
part of the structure potential due to MOLIERE 3!
called absorption potential. v.LAUE32 emphasized
the fact that each wave field has to be considered
as a physical entity with an own characteristic ab-
sorption coefficient. This can be understood easily
by comparing the electron density distribution of
the different wave fields leading to the Borrmann
effect in a two-beam situation?’. In a following
paper 33 this will be shown for a many-beam situa-
tion. The absorption coefficients of the wave fields
are related to the imaginary part of the structure
potential e. g. due to a treatment of KAMBES. In a
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two-beam approximation this relation is very
simple 34

Attempts to replace the introduction of the ab-
sorption potential by Hoerni’s complex atomic scat-
tering amplitudes by BOERSCH, JESCHKE, and
RAITH 35 cannot explain even for distorted crystals
(JescHKE and NIEDRIG 36) the experimental situa-
tion.

Extinction Fringes

The diffraction pattern is the Fourier transform
of the resulting amplitude distribution at the exit
surface of the crystal. In a wedge experiment the
electron microscopic dark field image of the Pendel-
l6sung fringes is in close connection with the fine-
structure in the diffraction spot. By analysis of Pen-
dellésung fringes one can in principle determine the
structure potential from extinction distances (UYEDA
and NONOYAMA 37) and the absorption potential
from the intensity decrease as was shown firstly by
WATANABE, FUKUHARA, and KoHRA %8, The Fou-

1

100 KV G=03

A8, =-1.75-10"rad

Fig. 11. Extinction fringes of MgO for 100 keV electrons.

50-beam calculation near the [T10] zone axis. 46, is the

deviation from the Bragg angle of 002. b) Experimental ob-
servation of TAKAHASHI 40,

rier analysis of Pendellssung fringes is very dif-
ficult because of the experimental inaccuracies as
was shown by Kambe in a private communication.
The diffraction pattern however is more suitable for
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such a determination since the strong partial waves
can be observed separately. Near a low-indexed
zone axis in a many-beam situation the Pendel-
16sung fringes become very complicated as UYEDA %
and TaxaHAsHI % have shown. In such a situation
the extinction distance is no more defined as one
can see in Fig. 11 a. From the results above we
know that for an analysis of the thickness fringes
at least a 50-beam approximation has to be used.
The comparison with the 50-beam calculation (Fig.
11b) shows more details in the thicker region than
the experiment. This may be due to an effect of the
size of the illuminating aperture! or to inelastic
contributions to the micrograph4!. The difficulties
of such an analysis have been discussed *2. The cal-
culated intensity profiles are sensitive to the struc-
ture potentials but not to the Fourier coefficients of
the absorbing potential except to the mean absorbing
potential V(™). This value could be determined
from comparison with the experiment with good
accuracy to

V,m) =0.740.07 Volts

in agreement with measurements of ICHIMIYA 43 and
GOODMAN 18,

Micrographs of Pendellosung fringes, taken with
different reflections may contain informations on
the relative phases of the partial waves. This can be
seen very clearly in investigations of MAZEL %4
Dark field micrographs were taken with the weak
systematic reflections while 200 was exactly excited.
One can see the differences in the micrographs taken
with the 200 and 400 reflection. The absolute am-
plitudes of the partial waves in these two reflections
are the same under this condition. However the
Pendellosung fringes are different because the par-
tial waves must have different phases. In the case
of the simple MgO lattice they have different signs.
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Already KAMBE *3 has pointed out the possibility of
using many-beam interactions for a determination
of phase relations. The observations of dynamical
interactions in the diffraction diagram as well as
in the micrograph contain in their combination ad-
ditional information for the measurement of low-
indexed Fourier coefficients of the crystal potential
and the absorption potential.

Conclusion

Accurate observations of dynamical situations
require the application of higher approximations of
the dynamical theory. Generally for such an analysis
the crystal surfaces have to be exactly defined. In
the case of convergent beam investigations the en-
trance and exit surfaces have to be completely flat
and parallel so that the crystal has uniform thick-
ness. In the wedge experiment the angle between the
flat surfaces must be exactly defined. These are very
strong conditions which are difficult to fulfil. How-
ever if they are fulfilled, electron diffraction is a
most suitable tool to determine low-indexed struc-
ture potentials from undistorted single crystal areas.

Independent of the crystal shape is the method of
WATANABE et al. 2 in which one observes the rela-
tivistic vanishing of a Kikuchi line at a critical ac-
celerating voltage. This results because the effective
structure potential of the interference is zero and
consequently the extinction length goes to infinity so
that the crystal shape has no influence on the obser-
vation. It would be of great interest to compare the
two methods.
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