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The computer simulation technique of electron _mjcroscapic diffraction contrast is applied to
simple models for the calculation of dislocations in jog and dipole configurations. So-called angular
dizlocations and semi-infinite dislocation dipoles of infinitesimal width are used to approximate
curved disloeations by straight dislocation segments. The computer simulation is carried out by
a matrix method using two different step widths for the applied integration procedure.

Die Computersimulation des elekt:onenmlkrosl_\opischen Beugungskontrasts wird auf einfache
Modelle zur Berechnung von Versetzungen in ..Jog-** und Dipolanordnungen angewendet. Zur
Anndherung nichtgeradliniger Versetzungen daveh geradlinige Versetzungssegmente werden
Winkelversetzungen und halbunendliche, infinitesimal breite Versetzungsdipole verwendet, Die
Computersimulation wird mit einem Matrizenverfahren unter Verwendung von zwei verschiedenen
Schrittweiten fiir das angewandte Integrationsverfahren durchgefiihrt.

1. Introduction

The investization of the electron diffraction contrast of disloeation configurations
frequently requires also an exact characterization of curved dislocations. In this paper
the contrast of the connecting region between dislocation segments of different in-
clination and the contrast of discontinuities in the course of a straight dislocation
line, like, e.g., in the case of dislocation jogs, are of special interest [1]. For this the
concept of the dislocation jog is used in the general sense of the continuum theory
without distinguishing between “jogs’” and “kinks™ [2]. All caleulations are carried
cut on the assumption of elastically isotropic materials.

Dislocation configurations of the mentioned type are of interest for the detection
of speecial microprocesses of plasticity in cryetalhm, materials. A typical example is
the hindering of the dislocation movement by the interaction of slip dislocations with
other dislocations (forest dislocations) or with point defects (e.g. impurities) and
agglomerates of point defects, respectively. For the visualization of such processes
an example is given in Fig. 1 where dislocations in a magnesium oxide (100) mono-
erystal foil are shown in an electron micrograph. In the outline micrograph a) disloca-
tions with traced-off regions forming dipoles can be seen, which were generated by the
interaction of the moving dislocations with impurities. Micrograph b) shows such
a configuration in detail. In this case the image contrast of the dipole (see arrow) is
nearly extinguished. In ¢) one sees a relatively large dislocation “jog”.

For the simple detection of the localization of the defects it is favourable to work
with narrow contrast profiles of the dislocation jogs and dislocation dipoles. This can

' 1) Dedicated to Prof. Dr. M. Hrek®, on the occasion of his 70th birthday. also on behalf of Prof.
Dr. H. Bethge.
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Fig. 1. Dislocations in a MgO (100) monocrystal foil. a) Survey micrograph, b) dislogation with
traced-off dipole. ¢} dislocation “jog™

be achieved by using the weak-beam technigue in the conventional transmission elec-
tron microscopy or hy the high-order hright-field technigue in the high-voltage elec-
tron microgeopy. For an exact characterization of the type of the defect, however,
a computer simulation of the image of the crystal defect and a corresponding eom-
parison with the real electron micrograph are often necessary. In this case it is favour-
able to apply recording conditions allowing the computer simulation with a relatively
low computer expense, which can be achieved by realizing so-called two-beam condi-
tions.

2. Numerieal Caleulation Methods

Usually the caleulation of the computer-simulated electron diffraction contrast
due to lattice defects is carried out by means of the well-known Howie-Whelan equa-
tions (plane wave Tormulation) [3] or hy means of the Bloch wave formulation of the
diffraction equations investigated in detail by Wilkens [4]. The numerical integration
of the differential equation system applied in the majority of cases is done by using
the Runge-Kutta methods, particularly a procedure developed by Merson (cf. |5, G]).
The presentation of simulated contrast images is realized either by applying the half-
tone printing technigue on the fast line printer of the computer [7], or by controlling
the outpul of display devices |8} .

For the computer simulation of dislocations in jog and dipole configurations, heing
of interest within the scope of this paper, a line printer presentation using overprint
and a linear interpolation method are developed which are of course also applicable
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determined by interpolation if a suitably chosen eriterion is fulfilled. In this way only
rlr‘ srnnldl fr';lll't‘iuu of simulated points — less than 2000 — is caleulated dirm;i.lv‘:-;l that
SHou paying o and 1o smpity the bast veltme o i ey ncSoal g
. . : relations e -beam case suitable
f!'mml‘urumt-lnn relations are used. For the Bloch wave formulation sucl a transforma-
tion was piven by Lepski [9], but also in the case of the plane wave formulation of
Howio-Whelun suitable transformation relations can be used to I‘(.'-f.llI{'l"“]‘t‘ I‘l.l] mber of
nocessney differential equations [10]. H
In the well-known Howie-Whelan equations the dependence of the amplitudes &
wnil @y of the incident and the diffracted electron waves. rcspeetivélv on the lll il |‘|L'
s below the surface of a erystal foil is given by ' . iy

e i dd, 4
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.lIE;.”.”H u.vquutrmn uil)the u'.-o-(?:'rllhr;ml‘(;\s are reduced using the extinetion distance ko
e parnmeter po = (1 -+ 98, /5 containg the anomalous ahsorption coefficient £,

The effective exeitation paramet ] i T i

of xertation parameter can be written as wef® — LA where i

B vtwlon p : ' wnth_n us gt =y, + L3y, where an, is

ie excitation error ang By the disturbance funetion, is the normal derivative of the
lil.-iplu|,l:v.rn1c+r1t field component parallel to the diffraction vector: g = dg - u(r)/dz
T ey ) A JA = » \ . . fy . =

It exp (miwyz) and ST exp (miw,z) are solutions of the differential equation

gystem for the perfeet crystal:
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then a useful transformation (similar to that of Lepslki [9]) can be written as follows:

re) =22,

7(z) (3)

Dy, g(2) = etz [y oz} TE(z) - rea(z) SE(z)]

>

ulull':-' M) = 0. Substituting equation (3) into (1) one gets a redonced differential
squation systen of the Riceati type: \ 7

r(2) = 2mifly(r~ + 8-) (nS+ = T4 . (4)

The intensitios follow from the formnlae

1) = exn (m) |TE - ST -
wliere i P () ] T 1SE] (5)
y ¢
2yt (e ]
= & i '*LT] Saffy T [S=(S— rd=y] dz (6)
it

(£0 normal absorption coefficient).

.-\Iml:[u:'r" [IH(:.IH' time-saving method of integration. which was applied for the com-
puter simulation of the ahove-mentioned defects, is the mutrix multiplication tech-
nigue given by Thalén [ 11], within which no special transformations are necessary. For

’l“";’_“i’lllu'::t.-m'n in this paper the method is extended to two different st ep widths
A= I'n 1 e UK, SN | SR G, AT ettt I T I N S < O g y
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The amplitudes @, @, at the lower erystal surface (depth 2z = #) are calculated hy S ising the mean-value theorem of the integral caleulis:

the matrix multiplication formulae

(wﬂm‘)) =My My_y~oor My M, ((lj)

wi(r) =d f fi (ft'l, a5 .1;3,':—1 R ;175',.) dlary . (9)
'(‘[')#:(6) 0 B

e width of the semi-infinite dislocation dipole (see Fig. 2h; d connecting

The matrices My = | 2o w(zg)) only depend an average value of % willin "
The matrices My = M (Azp wi(z¢)) only depend on an average value of wtT witl RBilovation line) and

the slice (24 z¢ |+ Azy) and the chosen thickness Az, of the slice, but do not depent
the depth 2, below the erystal surface. '
At the hegimming of the calenlation of an image 1401 matrices of a step width o

duy, = fi(r, v dA (10)
i plmumwni ficld of the infinitesimal dislocation loop, using

Az, in the range [&,85] < 3.5 and 501 matrizes of a step width of Az, in the range " 5,

t 81 1.25 will be ealeulated and stored in the computer in a suitable way (thu v, v e i PO Qs :
15404 < .20 will be calenla "u and s (Jlf,_(‘ in the computer in a suitable way (fhud L LA e ? (b -+ bungoe — Q‘Gbkﬂ“‘) ik 3.%5_,‘&,,”9’ (1)
means using an increment of Aw = 0.005 in each case). - ¢ o '

1 the sanie notation as above is nged, the matrices M can be written - l!’b' sl Joop normal, & = (by. by, by) Burgers vector, » = (w, @y, @) test point
b i h 1 A - . = Ll g, ibg) LESL 2
g I ) Integration point, » = Poisson ratio, @ =» — ', 0® = o} 4 of +- eﬁ’
My = {oxp (aidzpt®} - ( = 'fﬂ), (L - ). : -t ,
7 Serr Tar Pl narmal to the foil surface gives the disturbance function gy [10]:
* I/ - v
M) kel [(1 — 20) (b Vg — ginibie Vi) —
= 21— ) gibana Vg - mogale Vi) cos (<0 ap2) (12)
e w e vintions '
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where the dingonal matrices {exp (aiAzpet™)} only modify the initial values. The funo
tions & and Sﬁ]- correspond to the funcetions 7% and S (ﬁt!t‘— equation (2‘],) il 1
substituted by wt™ and o by 6" — ((wj")* - p*/da)!=,

The thicknesses of the slices have to be chosen hy computer experiments, hecausy
too small Az; values lead 1o errors in the calenlation of the £,8; values. Step widthis
of Az, — (0,005 10 0.01) £and Az, — ((L05 to 0.1) ¢ were mostly found to be convenienty
and the compnting time jg abont half that of the one-step matrix.

After the storage of the matrices My the calenlation of an image point (x, ¥, which
cannot be interpolaterd, begins with the large step width Az, The average disturbunog
funetion and the difference quotient AwfAz = [fylze + Azg) — Polz)|/Azy have to Tyee
caleulated. The quotient. AwjAz; determines the error of selection of the disturbanow
funetion within the given slices, .

In each ense there is a small region around a erystal defect (core region) showlig
high values of g, and causing a congiderable error in the determination of the avery
value of 3 [10]. But it can be shown that this region avound a erystal defect can il
caleulated in a eorrect manner if only the jump of the displacement field is cons
sidered in the ealenlation. However. the negleet of the core region in the compriia®
simulation of single vrystal defects recuires some additional investigations in the cass
of superposed crystal defects.

)
diyr® et T
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3. Madels of the Crystal Defeets

For the calenlation of curved dislocations in the majority of cases it is sufficient
to approximate the dislocation line by suitably chosen polygonal dislocution oonfigin
tions. Using the principle of superposition, which is valid in the linear elasticity theory
(distances of more than some Burgers veetors fron the core region of the defuctn),
euch polygonal dislocation can be composed of straight dislocation seginents of Tl
length. In the case of isotropic materials such straight dislocation segments can 1
formed using simple dislocation configurations, like. e.z.. the infinitesimal dislocabio
loop given by Kroupa [12] and the semi-infinite dislocation dipole of infinitesting
o e T
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A Tig. 3. Geometry of the angular dislocation [ 14]

Another useful displacement field for the L-(_mn‘(witinu_n.f. <.i_isl¢j:-e1t'i:)1\ Ht\glmrnf:-: ls
that of the angular dislocation which was deri'\:'m:l hy ¥ l'ﬂtl.‘. | 14] fnfm the “""F_i'--"f
fornmlae (see Fig, 3). Using the correction of Hokanson [15], ('(1”(‘1.'“71.'1}:_‘.’ the \.5:1;'1|n|1'.s
terms, and generalizing to two arbitrary angles o (8 = 1. 2. one abtains the tollow-

ing displacement field:
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i ' () (0 (i it
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then the gradient normal to the foil surface gives the disturbance Funetion fiy [ 10]:
1.2 ) il Box B SO o
dy(1) — M1y 'f-,"b" d’ih T f"fféf-"“(."lﬁl;l = f-'.fl-'f-l)”(z'{u‘” + (1 — 20) kyidi Q) ‘ ;
Py -{- 4“1 i | i
(17)

%08 (<L aE) -
The special case of Yoffe [14] can he chosen hy o = 0,5, = a.

[. Computed Diffraction Contrast Tmages

. : ! Fo b e woa e Ml e, of

Tor the enlenlations idealized dislocation confignrations are used. Il.n 1I'Ilf|,_|l, )

a diglocation dipole produced by the interaction of a moving illrall‘u:inlr:n] with an
obstnele (see Fig, 4a) can be divided into theee idealized regions (see ]‘.||_r. l _')-
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i ) Traced-off disloeation dipole and b) simplified

representation of different regions

b

2. the dipole boundary in the region of the obstacle, the image of which can be cal-

culnted by taking the displacement field of the semi-infinite dipole:

4. the region where the dipole merges in the original dislocation line.

The latter ease can be treated by a suitable combination of two angular dislocations.
From the large number of geometrical and imaging parameters only the most im-
porfant ones for explaining the calenlated image are given in each case. Absorption
parameters were always chosen in a suitable way.

For regon 1, a frequently treated case, in Fig. 5a comparison of electron micro-
uraphs anid matched computer images is shown. These images are related to disloca-
tion dipoles having mainly edge character and lying inclined at an angle of 3y = 20°
tia foil of a thickness of £ = 65, Micrograph 5a shows a dipole, the distance vector d
ol which is perpendicular to the incident electron heam (g = 907); the distance of
the two individnal dislocations amounts to d = 0.15,. In Fig. 5b and 5S¢ there are
dislocation dipoles with a dipole plane parallel to the incident electron heam (p = 07).
Phe distances are (145, in b) and 0. 15, in¢). The differences in the shapes of the charac-
fevistic contrast oscillations can be seen as distinetive marks, The electron micro-
vraphs are related to special pre-treated silicon monocreystal foils which nearly fulfil
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the mentioned geometrical and imaging conditions. The caleulation data are:
] = lg-b] =1,

| I '
= — . . — 1.05 ,
T L ———l{gi- (bl 105 .

I = 0.12.

fl

[an

=5 lg- (b X

For the calenlation of the image contrast of region 2 the displacement field of the
semi-infinite dipole was used according to equation (12). The computed micrographs
for this dislocation configuration are given in Fig. 6. In Fig. 6a the connecting element
hetween the individual inclined dislocation lies at a depth of 1£,. One sees that the
usnal dipole contrast is visible up to the place of the connecting element. In this case
the parameter is |n| = 1, and the connecting element itgelf is not accentuated by
speecial contrast phenomena. In principle this defect configuration is the same as in|
Fig. 5a, only the distance of the individual dislocations of the dipele amounts to
0.4£, here. In Fig. 6h, for comparison. the region of intergection of a corresponding
dipole with the foil surface is shown, the surface relaxation being partially taken intol
account [ 16]. One gees that for distinguishing these two cases very fine details musg
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different. positions

b) d = 0.25,

and different dipole widths . a) d = 015,

he observed, Tn addition, the normal case where surface relaxation is not considered
is shown in Fig. e for comparison. One recognizes a considerable widening of the
hright contrast region.

The contrast of a semi-infinite dipole in different positions to the incident beam
ane with parameters corresponding to Fig. da and 5o is represented in Fig. 7. The
dipole in Fig., Ta has a distance vector between the individual dislocations which is
perpendicnlar to the incident electron beam, and in Fig, Th the dipole plane is normal
o the surface. While the contrast differences necessary for the characterization of
the dipoles are very pronounced. the contrast influences of the connecting regions
npriin give rise only to small modifications of the contrast oscillations in the boundary
region, )

Por the caleulation of the region with the traced-off dislocation configuration

region 3 — the displacement field of the angular dislocation according to equation
(17) was used. An example of caleulations is given in Fig. 8. Here two anguolar dis-
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Fig. 9. Principlés of superposition for generation of a dislocation jog: a) superposition of a semi-

infinite dipole and a straight disloeation line (BC' = d}; b) superposition of two angular dislocations

loeations are combined in such a way that an angle of 135" oceurs between the two
parts of the moving dislocation at which the dipole was formed. The images a) and b)
can be related to an assumed dipole plane approximately perpendicular to the incident
beam, having a distance of the individual disloeations of d = 0.1, in a) and d = (LO1E,
in h). Remarkable contrast phenomena are the continuous transition of the contrast
of the dipole into the contrast of the original dislocation and an asynunetrical conbrast
hehavionr (see arrows) in this region. While in a) with the relatively large distance of
the individual dislocations the dipole is clearly visible, in b) there is a contrast loss
for this region because of the compensation of the closely neighboured displacement,
fields. Only an asymmetrical contrast behaviour (see arrow) remains. 1t will have to
hie tested whether this phenomenon can be used as a hint for very narrow dislocntion
dipoles, the cantrast of which is extinguished. Fig. 8¢ is related to a dipole plane lying
normal to the surface. A distinetion of thig position from the preceding one by the
pronouneed contrast oscillations is possible in an unambiguouns manner, The distance d
of the individual dislocations of the dipole again amounts to 0,15,

Dislovation “jogs™ were calculated in two different ways: Onothe one hand (see
I, 9a) by suitable superposition of a Kroupa semi-infinite dipole (ABCD) and
o abradght individual dislocation line (DCDY) with a suitable Burgers vector and sense

A G

Fig, W Enstoeation dnelie) to thie fall sielace eantsining a dislocation jog ]mmllnl to the surface
ikl diibarsait ticai whawa sd &t nuer L d DORE (I Nabe that tha dnalical Bevos tivedtcondiavyer 1o

Sunulation of Electron Microseopic

Fig. 11. Mixed ‘l'ﬁ'f“’““"“ (inelination a 1'!;110-: #57) a) without dislocation jog: ) with dislocation
Jog parallel to the surface (depth 1, — 2.58,, siwe d = 0L1&)

of direction. so that a regional extincetion (DC) of the displacement field configuration
results, on the other hand {see Fig. 9b) by a suitable combination of two \'ul'f(-'nngnln r
dislocations, also with the intention of o sufficient extinction of superposed l'|i\"‘|']i.l-l.'[.‘¢
ment fields. The computer-simulated images calenlated on the basis of these two
models showed nearly the same resull.

(flﬁllll'lllt(t‘[l micrographs of “jogs” of different sizes (together with an inseription of
”'f!'_r .rt_'atl‘ positions) are shown in Fig, 10, The caleulation was done for jog sizes of
0.25, in a) and of 0,05&, in b). The jogs are in mixed diglocations inclined at. an angle
of 367, the depth of the location of the jogs was 2.55,. While in Fig. 10w the jng;is
directly visible in the micrograph, in Fig. 10h one can only indirectly detect. it by
:.l‘n:‘l:lyzin;: the special contrast oscillations. This situation ecan be rvvn{.’iiimw] in detail
in Fig. 11 where in a) o dislocation without jog and in b) a diglocation with a jog of
a height of 0,15, are confronted. The jog itself (see arrow), lying at a ;lt"[}lll of 2.5¢
and obeying the same imaging conditions, manifests itself by .-1.“(-‘11:‘111;3! inthe inl-unsili;:
of the contrast oscillutions (contrast gap). . F

beiminn
3
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In Fig. 12 the «rnlrl|nl[m:t'—ﬁi|a|u]nlur.{ image contrast of a jog lying perpendicular to
t'hv direction of incidence (Fig. 12a) is shown in comparison with compuled micro-

graphs of jogs lying at an angle of 457 inclined to this direction (Fig. 12 b, ¢). According
10 the direction of the chosen Burgers vector there are unbvmmuinml image con-
trasts. Micrograph ¢) corresponds to the geometry of the defect shown in h). But the
diffraction vector for this computed micrograph was chosen in such a way that the
condition g - b = 0 is fulfilled. The dislocation itself shows no contrast becanse of
fulfilling the additional condition g - (b > 1) = 0, and only the jog was visible beeause
g - (b < 1) 4 0in this region.

5. Conclusions

Resuming the contrast caleulations performed, some connections between defect
extent, image contrast, and applicability of the approximations can be concluded;

1. Dislocation jogs in principle show the same dependence of visibility on the
defeet extent as dislocation dipoles.

One can get information by the direct image of jogs and dipoles under normal
two-beam conditions (with an adequate expense in computing) down to distances of
0.1&;. In this region the principle of superposition is valid, but the applicability of
lrlw model of the semi-infinite dipole is restricted.

. For distances hetween 0.015, and 0.1%5, conclusions on the character of the
corr mpundm;,, defects are possible only in an indirect way by analyzing the peculiari-
1|< s of the originating image contrast.

The numerical caleulations under normal contrast conditions give no contrast
for rllpulm and jogs if the extent of the defects is smaller than about 0.01Z,. In this
region the semi-infinite dipole is a very good approximation, but the principle of
superposition is restricted because of the appearance of non-linear effects in elasticity
theory.

H. Small jogs, connecting regions hetween dislocation segments inclined to each
other or other small |r1'(gl||a1'll1:‘ along otherwise straight dislocation lines, at most
influence one depth oscillation of the dislocation contrast in the surroundings of these
amall deviations.

One of the advantages of the simulation using the coneept of the angular dislocation
can he seen in the computation of traced-off segments of dislocations in various slip
planes: From the bheginning the caleulation of the angular dislocation takes into
vonsideration the traced-off region of the dislocation, contrary to the method of con-
hining two separately calenlated dislocation segments. The application of the de-
seribed results to the interpretation of more subtile discontinuities in the conrse of
dislocation lines requires the consequent use of the weak-heam technique. The cone
sideration of further diffracted beams, necessary in this situation, leads to a cors
responding increase in the computing effort, and to overcome this the development
of fast methods for the solution of the many-heam equations of diffraction contraut
for an effective work is required. In addition an appropriate extension of the elnsticity
theory to the actual region of the discontinuities along the dislocation Jine and the
congideration of anisotropic material propertics are necessary. Investigations in this
direction ave still heing carvied out.
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