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Diffraction contrast and lattice fringe images of small spherical inclusions in isotropic media are
investigated by computer simulation combining the diffraction contrast caleulation with the
Fourier formalism for considering the electron-optical imaging process ineluding aberrations.
Simulated images are presented applying this method to investigate systematically the bright-
and dark-fields as well as lattice fringe patterns of the inclusions where the transition region be-
tween black and white contrast lobes being of special interest with respect to the inner strueture
of the defects, In particular, the relations between the black—white diffraction contrast oscilla-
tions and the lattice fringe distortions (including shifting, bending. and termination) are studied
in connection with the variations in the contrast of precipitates with the thickness of the foil, the
depth of the defect in the foil, the deviation from the Bragg reflection condition, and the influence
of image aberrations.

Beugungskontrast- und Netzebenenabbildungen von kleinen kugelformigen Einschliissen in
isotroper Matrix werden mit der Methode der Computersimulation untersucht, wobei Beugungs-
kontrastberechnungen mit dem Fourierformalismus kombiniert werden, um den elektronenopti-
schen Abbildungsprozell unter Einbeziehung von Aberrationen zu erfassen. Simulierte Abbildun-
gen werden diskutiert. um systematisch Hell- und Dunkelfeld sowie Netzebenenabbildungen der
Einschliisse zu untersuchen, inshesondere im Gebiet zwischen den Schwarz—Weill-Kontrastans-
Taufern in Abhingigkeit von der inneren Struktur der Defekte, Der Zusammenhang zwischen den
Schwarz—Weili-Kontrastoszillationen und den Stérungen der Netzebenenstreifen (einschlieSlich
Verschiebung, Verbiegung und Abbruch) wird genaner untersucht. wobei die Kontrastiindernngen
an Ausscheidungen als Funktion der Probendicke, der Defekt-Tiefenlage, der Abweichung von den
Braggschen Anregungsbedingungen und des Einflusses der Bildaberrationen diskutiert werden.

1. Introduction

In a previous paper [1] a method was described combining the caleulation of diffrac-
tion contrast amplitudes with the Fourier transformation formalism for simulating
bright- or dark-field diffraction contrasts and lattice fringe images of arbitrarily small
crystal defects. In a second paper [2] the method of [1] was applied to simulate bright-
and dark-field images as well as lattice fringe patterns of a small, inclined, hexagonally
shaped, prismatic dislocation loop to derive general rules of the behaviour of lattice
fringe contrast with respect to the defect nature and the imaging parameters. In the
present paper the method of [1] is applied analogously to [2] to simulate the contrast
of small spherical inclusions within isotropic media. Asin [2, 3] the outward or inward
bendings of fringes caused by the defects do no longer unequivocally prove the preci-
pitate to be of interstitial or of vacancy type. Nevertheless, comprehensive analyses
of the tringe distortions (shifting, bending. and termination) with respect to the be-
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haviour of the black—white contrast oscillations in bright- and dark-field diffraction
contrast shonld yield information on the local defect structure.

For sulficiently small dislocation loops, small defect clusters, and precipitates the
black-white (BW) contrast method has been shown to be useful for the defect identifi-
cation (analysis of BW oscillations, of. e.g. [2 to 6]. the review [7]. and the computer-
simulated catalogues [8]). The shape of the BW contrast is mainly determined by the
long-range part of the elastic distortion field, i.e. it solely depends on the effective
strain field of the defect and on the elastic properties of the surrounding matrix.

The BW contrast method fails for very small defects or if the specimen is so thin that
anomalous absorption is negligible. Appropriate extreme defocusing (some wm) of
the objective lens, however, allows one to trausfer the phase information into inter-
pretable black-white contrasts [9. 10]. In this way the BW analysis is extended to cases
of vanishing diffraction contrast taking into account the moditied oscillation behaviour,

The general features of the BW contrast can be analysed in a first approximation
applying the very simplified displacement field of a compression or dilation centre, i,
a point defect that is an infinitesimally small inclusion having a strength determined
by the radius and misfit of the spherical, isotropic particle to be represented within
the elastically isotropic medinm. The image of such an inclusion shows black and white
(BW) contrast lobes separated by a line of no contrast (LNC) and it is characterized
by the BW vector I pointing from the black lobe to the white one. which is perpendicu.
lar to the LNC and parallel or antiparallel to the diffraction vector g excited. Oscilla-
tions of the BW contrast ocenr due to the variation of the foil thickness. of the depth
of the defect, and of the deviation from the exact Bragg excitation. These fundamental
contrast properties are only slightly influenced by the shape of the inclusion as well as
by the anisotropy of the matrix, whereas the contrast figures arve strongly modified
with asymmetries of the BW lobes occurring. Thus, for instance, the line of no contrast
is straight and perpendicnlar to the reflection vector g only if the reflecting plane is
a symmetry plane of the defect.

Using expensive contrast ealeulations one can decide whether a certain contrast
feature results either from a particular defect property or from the elastic anisotropy —
see. e.g.. the calculations for the particle as purely hydrostatic stress-free strain [4],
for cuboidal shapes [11], and the contrast simulations for different shapes and elastic
anisotropy [12 to 14]. For inclusions l¥ing near a surface or having extensions compar-
able with those of the foil thickness the surface relaxation effects have to be considered
additionally [5, 15]. Furthermore, the distortion field ingide an inclusion modified,
¢.g. by incoherent boundaries. inhomogeneous. or otherwise varying eigenstraing,
mainly determines the central region of the particle contrast, i.e. the transition region
between the black- and white-contrast lobes; here the asscociated characteristic con-
trast features are called fine details. These patterns are strongly influenced by even
wealk image aberrations (defocus of some 10 nm) where the long-range BW hehaviour
does not change. To avoid misinterpretations of the fine details all the image aherra-
tions have entirely to be taken into consideration. Furthermore. in such caleulations
for the approximation using the compression or dilation centre the Eshelbyv model [15]
has to be substituted deseribing the inelusion as a misfitting particle genemed by
a stress-free effective inelastic strain (see [17] for a general survev of the clasic v of
inclusions).

The aim of the present paper, however, is to show the relation fetwee s ==
details in diffraction contrast images and the contrast features (frai o S0
fringe imaging. because the fringe distortions are mainly determ et =0 0 aniry
defect region. Therefore. the isotropic, spherical particle s cone deml o0 Liie g
include inhomogeneous effective inelastic eigenstrains. A compm e = cowemaric
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analysis of the contrast oscillation behavionr due to variations in thickness and depth
is the basis of investigating and separating the BW behaviour from the fine detail
contrast to yield information on the local defect structure.

2, Construetion of the Displacement Field

For calculating the displacement field of a spherical inclusion in isotropic media the
purely hydrostatic stress-free eigenstrain, given by Eshelby [16] and applied by Ashby

and Brown [4], is extended to particles with eigenstrains given by polynomials of coor-

dinates as evalnated by Mura [17, 18]. The displacement field for the particle with
hydrostatic stress-free eigenstrain reads

er(Ry[r)® forr = Ry,
&r forr = Ry,

where R, isthe particle radius ande = §(1 - »)/3(1 — ») with the hydrostatic pressure
8 and the Poisson constant ». For coherent particles, having the material elastic con-
stants of the matrix, § directly deseribes the volume misfit; thus ¢ > 0 holds for inter-
stitial or dilation-type inclusions and § < 0 for vacancy or compression-type defects.

Following Moschovidis and Mura [17, 18] and using the Green’s function for iso-
tropic material the displacements for interior and exterior points of an inhomogeneous
inclusion 2 ean be expressed by

u(r) ={ (1)

w(r) = —(4z)"t grad O(r) . (2)
Here the harmonic and hiharmonic potentials are reduced to
P ;i(i") dar’
o =e A7 ®
ol
and
D,(r) =¢ ‘]; p@) jp— 2 di, (4)

respectively, for hydrostatic but nonuniform eigenstrains
efi(r) = eu(r) oy . (3)

with the “body density™ u(r).
The properties of the potentials A®, = 2@, and
—8au(r) forrin Q, (6)
0 for 7 out of Q2
are not changed and guarantee that the displacements fulfil the basic equations of

elasticity and the compatibility conditions (A = div grad).
With the elementary solution for a sphere 2 of radius R,.

B,
@,(r) = 4ae | p(R) Min (R2/r, R) AR, (7)
0
and the additional condition for the body density,

£,
Ju(R) R AR = RY[3 ., (8)
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the displacement field of the inhomogeneous sphere is reduced in the far-field to those

of the Ashby-Brown precipitate (1) and may read

- )3 for 7= R .

[e? (/7Y or v = H, ()

u(r) = r ) )

leﬂ'/r“ J w(B) R*dR forr Z R,.
0

Because of the singularity at » = #’ the integrals do not exist in the sense of Riemann
integrals, but this diffieulty can be avoided using only polynomials for the body den-
sity with exponents greater than —2 at r and including logarithmic terms. The term
r=% must be interpreted as a distribution-type function, which allows one to replace
the transition from inhomogeneity to the Ashby-Brown precipitate for B, different

from R,.

Hence.
{EI'(RO/."]S forr = R, ,

ur) =

. 0)
erfaln (r/Ry) + 3 bi(r/R)] forr =< R,. &Y
=2

Fulfilling the additional condition (8) denotes continuity of u(r) at » = R, and
demands
(By/B)* = aIn (R/Ry) +

J

3 bR/, 1)
which is reduced to -

¥ by=1 far Ry = By

iz—3

For R, ~ 0 the displacements (10) are those of pure dilation or compression centres,
which in (10) are also included for @ = 0, b_; = 1 fulfilling condition (11). If condition
(11) is not maintained, the additional jump of u(r) at » = R, can be interpreted as
a sliding inclusion or incoherent precipitate.

3. Method of Computer Simulation

The computer simulation of defocus diffraction contrast as well as of lattice fringe
images of crystal defects has been carried out by the method described in the previous
paper [1], combining the ealeulation of diffraction contrast amplitudes with the Fourier
transformation formalism.

The diffraction contrast amplitudes are caleulated by solving the Howie-Whelan
equations using Runge- Kutta integration procedures or Thoelen’s matrix multiplica-
tion method. To minimize the numerical effort an amplitude interpolation procedure is
applied in such a manner that only about 209, of the pixels are integrated directly.
The imaging process is described by Fonrier analysis and Fourier synthesis of the
amplitudes related to the image pixels, considering here the electron microseope aber-
rations on the basis of the contrast transfer function.

For comparison, HREM micrographs were calenlated using a modified multislice
program [19, 20] with discrete Fourier transform and convolution (128 % 128 pixels).
Without discrete real-space sampling the Fourier transform of the projected potential
of each slice is directly evaluated from the atomic coordinates of the structure model
and the associated atomic scattering amplitudes. For a sufficient aceuracy in applying
the method to erystals containing lattice defects with a nonvanishing elastic far-field
the lateral extension of supercells must he dimensioned to avoid effects of aliasing
and truneation,
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Fig. 1. Caleulated bright-field images I, of a dilation centre as a function of the foil thick-
ness /&, and the depth position £,/%, of the defect centre. Parameters: & = gef, = 2, Ky = 0.0535,,
g = (111), e = (110), wyjg — 0, €. = A =0, foil thickness t/§, (horizontal), depth of defect
fo/Z4 (vertical)
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5= 1.0

Fig. 2. Caleulated dark-field images [171 of a dilation centre as a function of the fail thickness

fs Y ) Fig. 3. Calculated
1/, and the depth position /%, of the defect centre (parameters: see Fig. 1)
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IMig. 6. Defocused (A) bright-field
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Fig. 7. BF, DF. and LF images of a spherical precipitate for different radii R, of the homogeneous
strain cenfre. Parameters: g = (111), e = (110), ¢ I.12:’)-;‘,, o= 0.1255, 6 =2, B = 0-05'-E;r§

O:=4=10

Fig. 8. Bright-field (BF), dark-field (DF), and
lattice fringe (LF) images of a spherieal inelusion
with an inhomogeneous eigenstrain: a) by = 0.1,
by, =35.a=35, b)b_, =01, b_, — 0.5, b, — 0.2,
a =0, Parameters: g = (111), e = (110), w = 0,
= 11255, f,= 01235, =2 K,= 0.05%,
C A=0
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Fig. 9. BF, DF, and LT images of a spherieal inclusion near the upper surface with (depth a) ¢, =
= 0.075;, b) {y = 0.1255, for different constrained strain a) & = 2, b) 5. Parameters: g = (111),
e = (110), w = 0, { — 1.1255,, B, = 0.055,, C; =4 = 0

The simulation procedures briefly outlined are applied to investigate contrast fea-
tures caused by small spherical inclusions as characterized in Section 2, In Fig. 1 to 3
the bright-field (BF), dark-field (DF). and lattice-fringe (LF) contrasts are systematic-
ally studied. In order to discriminate the specimen signal itself of the final images
from the aberrational influence of the electron microscope perfect contrast transfer
(in-focus /1 = 0. aberration free ¢, = 0) is assumed. For an exact Bragg orientation
(f.e.c. lattice, [110] incidence, (111) reflex with 2wq3, = () the BF, DT. and LF patterns
are shown in tables, where foil thickness and depth position #, of the defect are the sig-
nificant specimen parameters.

A selected tilt series is presented in Fig. 4 to investigate the effect of the deviation
from the exact Bragg position. Fig. 5 and 6 reveal the influence of the contrast
transfer function on the BF as well as on the LF contrast assuming factual aberrations
of & 100 kV microscope (Cy = 1.4 mm). Based on these systematic analyses Fig. 7 to 9
deal with the connection between contrast details and the assumed inner structure of
the inclusions (eigenstrains). Finally, the influence of many-beam situations is studied
using three-beam and multislice calculations (Fig. 10 and 11). This enables the com-
parison of the LF calculations with the multislice calculations of e.g. small, spherical
precipitates [21]. cuboidal nano-precipitates [22]. and Guinier-Preston zones [23].
Analogously to the discussions of the phase influencing behaviour of plate-like precipi-
tates [24] the calculations prove that the phase difference between BF and DF is
the contrast determining factor in LF patterns and in many-beam images (HR).

While for the diffraction contrast caleulations relative coordinates and parameters
are used, which are related to the extinetion distance assumed, multislice caleulations
employ absolute values, which are based on the structure and dimension of the lattice
and the atomic seattering amplitudes. To diffraction contrast calculations a beam
incidence of e = [110] and an excited reflex of g = {111} type are applied. which
e.g. for gold means an extinction distance (two-beam value of standard textbooks
for 100 kV) of &, = 18.3 nm and lattice fringes with d = 0.236 nm, whereas for silicon

g = 60.5 nm and d = 0.314 nm can be assumed. Many-beam calculations vield to
&y, = 4 nm for gold and &, = 25 nm for silicon. In the following £, = 25 nm is applied,
lLe. in interpreting the calculated images by assuming always R, = 0.05%, and an
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BF
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4 =162 &l——1 3 — BC

a b ¢ d
Fig. 11. “Multislice” image calculations of bright-field, dark-field (4 = 0, x = 2.1 nm™), lattice
fringe (4 = 0, a = 2.5nm1), and three-beam (HR) (4 = 62 nm, & = 3nm~') images of a spherieal
dilation centre for different beam incidence: tilt of pole p = (000) (a), 1/4(7,7, 30} (b), 1/2(i11)

(e, d). Parameters: U — 100 kY, C. = 1mm, e=(110), Ry =1.6nm, & =005 N =21
(t = 155); 1, = /2 (a to o), t/5 (d)

image size of 0.2¢, this implies an absolute defeet radins of Ry, = 1.25 nm as well as
an image dimension of 5 nm. The corresponding relative defect strength & = gef, = 2,
therefore, deseribes an absolute misfit of & — 0.025. The caleulations of defocused
Images and three-heam cases finally require an absolute value of the extinction dis-
tance to be fixed for sealing the CTF.

The specimen model for the multislice caleulations is established by a variahle
sequence (sandwich) of perfect and differently distorted crystal slices according to the
distance from the defect centre, Fulfilling the numerical requirements a supercell is
constructed having an extension of 6 3 9 Au(110) unit meshes (3.47 »x 3.68 nm?) and
containing 216 atoms. For the assnmed size and strength of the defect (B, — 1.6 nm,
& = 0.05, dilation centre) the local displacements of the atoms are vanishing near the
lateral cell boundaries to fulfil the conditions of periodic econtinuation. Five different
model slices of Az = 0.288 in thickness are sufficient to approximate the defect
structure parallel to the beam direction. The multislice recursion was carried out in-
cluding approximately 7000 heams. The microscope imaging conditions (BF. DF, LT,
HR) are adjusted by the position and diameter () of the aperture in the plane of
the diffraction pattern,
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tween BF and DF amplitudes over a small area. The resulting fine structure of the
lattice fringes sufficiently rich in contrast is detectable if these phase discontinuities
arise from comparable intensities in the BF and DF contrasts. The contrast features
in the lattice fringe images of the simulated dilation centre (¢f. Fig. 1 to 3) illustrate
these general considerations.

According to the crystal defect for all LF patterns, presented in Fig, 3, the rotational
symmetry of the dilation centre does not provide any additional lattice plane in the
surrounding matrix. The residual diffraction contrast of the crystal defect as well as
the fringe modifications depend on the depth position £, of the defect and on the erystal
thickness 1. There are three types of lattice contrast features:

(i) Bending of the LF in the central defect region according to the fine strueture in
BF and DF patterns and mostly accompanied with dark shadows. For the depth inter-
val t, < &,/2 outward bending occurs whereas inward bending is observed for £, > £,/2.

(ii) Terminated additional fringes ocenr within the outward-bent structures, whereas
for inward bending the outer fringes continue in a smaller number of inner fringes.

(iii) Displacement (shift) of the fringe svstem in the central region of the defect with
respect to the undisturbed matrix fringes characterizes the mean phase difference he-
tween BF and DF amplitudes.

For the thicknesses { = 1.0&, and { = 1.25§; as well as for defects in the middle of
the foil, t, = &,/2 the contrast caused by the crystal defect fades. Residual diffraction
contrast occurs if the extended BW lobes in BF and DF images have the same sign
(BW vector), but the tringe modifications (i) to (iii) are factually determined by the
fine details of the diffraction contrast, requiring comparable intensities in the corre-
sponding image positions with respect to the background intensity.

6. Influence of Specimen Tilt

In the tables of Fig. 1 to 3 the exact Bragg orientation was assumed for all contrast
investigations with the specimen thickness and defect position varying. To study the
influence of specimen tilt in Fig. 4 the bright-field (BF), dark-field (DF), and lattice
fringe (LF) contrasts of the dilation centre are displayed for the excitation w of the
diffraction vector g = (111) varying. This phenomenon, which has been investigated
for a series of parameter combinations (¢, {,), is demonstrated for the specimen thickness
t = 1.125&, and the depth of the inclusion {; = 0.125; (zee Fig. 1 to 3). Compared to
the diversity of the contrast features in Fig. 1 to 3 a variation of the deviation par-
ameter w around the exact Bragg orientation (w = 0) has a relatively small effect
on the images, especially for —0.5 = w =< 0.5 (dynamical excitation). The character-
istics of the diffraction contrast patterns, e.g. the sign of the black—white vector, do
not change. Furthermore, the intensity distribution in the defect centre is almost un-
modified. However, in the BF as well as in the DF patterns the shape and extension
of the contrast lobes depend on the specimen tilt.

For larger deviations |w| = 1 the BW vector changes its sign in BF (w = —1)
or DF (1.0 = w = 2.0) and modifications oceur, particularly of the fine details, in the
contrast pattern. Maintaining the two-beam case, the variation of the tilt from kine-
matical excitation (w = 1) to weak-beam conditions (w = 5) leads to stronger contrast
modifications because rapidly varying displacements near the defect centre increasingly
determine the images. The BF contrast fades and the DF pattern dominates the LF
features.

In the bottom row of Fig. 4 LF images are shown neglecting the influence of the
microscope aberrations (€, = A = 0). Contrary to the patterns of Fig. 3. here com-
parable lattice fringe distortions remain in the same defect position. The visibility of

Computer Simulats

the bent as well
residual diffracts
the Brags oriess
contrast is reds
strongly moadsS
centre SppreEE.
chosen 4, sadl £
ground dme Sk
modifaed
features

numerical SN
applied to S
usual, the sl
the contrass fa
ameter delooms
100 kV, an apess
of €, = 1.4 mmm
of the dilstes
= 11 -255 * t- 2—"
= A = 0). heme
influence of sy
of the inclusien |
fications of the |
modulation of &8
shift) resultine &
positions havine
teristic distortis
conditions, bt
dark, blurred o
(Gauss focns) ¥
the relative phas
higher underfoes
being more sto
of the crystal &
In Fig.6 for
E, = 0) the m
monstrate thas |
of the diffractios
The ideal diffrs
image charactes
focus), A = 56
and 4 = —200;



23ui[0A BUN)BIS[ANOE TR JOF POIB[ND[8 3T% SaSBWI A1 J, ‘(Aeanpadsar ‘i gog— = |7 pu®
W (g = [7) SNI0JI8A0 PUE -12pun Tayfry pue ‘(snooj a9zIaYsg) Wu gy = |7 ‘(snoof
8sNEE)) () = [/ SON[BA SND0IAD PIJISTRs INOT M nostedmron T SITISLL0RIBD dFRWT
A S PABpURIS 513 $2A15 WN[09 453 873 Ul (0 = [F = 7)) ISBIUOD WOMDBIIID [BIPL Y,
‘[1] uwt waa1d suonwwrxoidds (gorid[eue 2] JO SWLIS) TT JTISIT JSBIFUOD UOLIIRIHID Y4 10
aprys pur moneagrdue [2oo] ® 58 pajerdiojur aq UR) SUOMRIIIPOUL Y} IBY) #JBISUOT
-ap 0] pajediIseAul ST JSBIUOD JET 9Y3 UO SUONBIIDIR dFRUIT Jo douanfzul ol (0 = "y
“03¢0°0 =%y ‘0g = “336 = 3) ST 1oySly JO OIIIEN UONBIB[IP B 10 § g uT
‘Furmayydag L[3ySi[s 109gap [838L10 23 Jo
SurpunoTIns A3 YA apej safuly [JUSAIT 93 SLAISYM ‘PIIPOW A[FU0IIS aI0W Buraq
S[IB19D SUL} A1) [ITA JSRIILOD UL ISBIIOTT SAGOT M Y3 (W ¢ = [/) SN00papun 18y sy
104 sorouanbaay Terjeds Jo purq OPLA B 19A0 WNINIUIW a8 sU0TiRJ01 aseyd Aol oY)
(i gg = [7) §No0} 10zIoyog ay) Jof searaym ‘awadde seSuliy [ausesq (snoof ssuwy))
0 = 7 104 'snaojep Aq porppow A[[RATISEIP I8 PUB S[IRISP ISVIIUOD PAIIN[q ‘HIBP
£q payeotpul aaw ‘sofuLyy pajruTIIe) pue sFurpueq ‘59 ‘suontsod ayj ug ‘SuUOPUOd
FUIBRTT DIISI[BAT JOPUN S[(¥INISP TUIBWAL $IBULY A013IB[ 87J JO SUOLLOISIP O1YSLI)
-owreyo oty ‘A[snoforeuy ‘serymuryuossip oseyd 10 Lysusiur Fuoags Fuiary suoriisod
ur Aqperoadsa a[qISTA ST STYT, S[reiop ouyy 2y jo sfuwys ogodwod v ur Funmsaz (iyrys
pue nonesridmre) monsuny pesads jurod ay) Aq ISBIITOD UOMIRIFIP 33 JO TOLB[MPOT
orporaad [820] ® 8B PoojsISpun 9 A[IBI[D URD L)) oYt Aq AJsudjuT ¢ Y3 JO suonjeayy
-IPOUL AT[T, “3SLIJUOD T UL $2GO] M 973 S€ [[o4 s wiajyued 7T 873 UL uolsnjout a1} jo
JSRITION TIOTIDRILIIP [BNPISaT a1)) saziserdims Toraany Jajsuerd JseIiuon oyl 10 souanfjur
oY, "IAMOYS SI WL ()C] PUR ‘W gg ‘() = [7 IO soues sudoj-ydnoays B a0y () = =
=) g pue [ S jo seSvwmr T pue Jg oyj WoIj pajoares (“2¢g9'0 = % 3G T =
=3 pue %500 =% “%30'T = {°5eET0 =% ““FeEIT =) *7 91U UOWE[P 8Y} JO
adap oy) pue 7 SSAUYDIY) [10] 9Y3 JO SUONTBUIUION JIBISFFIP 04[] IO “WW F'T = ) JO
qu9IIe0d torjeLaqe [Boroyds ® YIa pue g Ul WU F = ¥ jo aanjzade we AY 00T
10 3?1’91'[0;\ BHI.}.'B‘ISISDD'B Ur .10} Jno paniaed =de SUOTJB[IWs 2L 'V SND0Iep J9lsWB
-1ed quesyrusis jsouwl oy} Lq PIzaloRIBYD puw (1)) UOMAUN]T IaJSTBLL ISBLIU0D DI
ur pezrrewmns 218 adoosordTur WOI399[3 o2 Jo stetewvied [wanjdo-moi3oa vy ‘fEnsn
$V ‘g 'Sid ur Suidean afuily a01)3e[ 03 PUE ISBAIU0D UOHORIFFIP PlR-15uq 03 peyjdde
futaq sseovad SuiSrwr oy} Jo womnIs Ay i [1] U WeAld spoyjew [BILATINL
pae [eonjA[Bu® Ay} UO Pastq S SUONBIIOQE od0ISOINTT Y JO UOLJBSIISIATT AT,
“(saBULl] 991338 (ISBIJUOD TOTJHRIFFIP) 2pow
Swidew ey £q pue paGeurt oq 03 40a59p o) jo wnrysads ereds puwazs 8yl Aq pawim
-1333] ST 499130 SIY) JO 221Bap Y, "ISBIJUOD aBrw [RUT] oY) eousn[yur ssosoxd Furbvur
adossozatur oYy JO SUOTIRIIDYR 91 stajomeand wawads pus 409ap o749 03 UOWIPPE UL

SUONRLIaQY 2d0asoraryy 10 sauanuy L

TWOMBOAIS WIBA(-0M] 93 JO UOWBIOXD [Bormwusp ay) 10f wnuido 2uw saamjeay
7T 9Y3 $U [[oA §® ANO[ARYSQ TOIR[[1050 M 273 ‘30950p oY) Jo AUTYISIA SY, "Paljipow
5I® STOMBUILIIA) PU® IS UT S[Ieiap auly pue suoied gq pue gg 2ys 03 anp prunoas
-Y2BQ TEUPISAT ) ‘@ STOTIRrA9p SwLIvA 10f JUBLIRAUL S srajewreaed ¢ pur 9 mesoyo
o1y 01 Fuiprooaw saBulay aomgu] 91} jo SUIPUAY PUesinoe sy, ‘morwwxordde a1ju0o
uone[p A3 Jo ssusuppur aseyd ey FuneusUOWSD SPBUMF G01IR] PIIPOW A|BUOIIE
SMOTS ‘194007 ‘(@ = @) WOIRJIOXS WBIY-JuaMm S, "SAYSTULA PUR DEINPAL ST 15BIGUOD
T 973 U0 300j9p [BISAID Y} JO eguenpul oy) usmimads oyl JO UOHRITILIO sorIg ST3
woaf (g') = |m|) uonerasp Surswazout ur 107 TUMLMIN0 ISBITHOD TOROBILIP [ENPISSL
SIEP B Il UOIIR)IOXS [RoTureudp 103 489 S| S9STLI PIJBUILLIA) JO ST [[2A 8¥ JU9q 873

6E1 saBww] $$RIJUO)) TOTDRIFL JO uonwnwiy wemdwo)

Jo A3IIqIsia Ay, *uol
-mod axdy ‘g ST Jo
a1} 10 PDUSNJUT 23

AT 943 SejeuTmop 1L
A[BUrsearsr a11ua9 1
1SBITION ISFTOILS 0 !
-9UTY WO 313 977 J¢
Y3 UI ‘S[IBIIP AULY IT
(1— = @) gg ur ud

uoEua)xa pur aders
-Un JSOTI[R ST I
op “103D9A BT
-1aj0rIBYD AT, "(uon
109J]2 [BWS A2ATIU]
-1ed woTIBIAAp oYY
03 paseduto) (g 0}
ssouyary) uatmads 9
PITBIISIALL UID( SB
91 JO M TOTIRITHXD
aom33e] pue (L) Pr:
211 Apnis oF, *SurAm
1SBIIUO0D [[® JOf Paul

o

L
-91109 A} UT SATISUL
a1 Aq peurumIalap A
SIS 9ES 93 AT
TOTIHGEID [Rapsoy
10 I[PPIUL YY) UL 8395

-aq sauatapp aseryd
314\ 399Jap a3 JO 1O
'SQE[T'.['.I} J9UlT JO .19
SEAID M ‘SIS ]
“Z/%5 < 9 107 PaAIIsC
—aoqut yydap ayy aoq
T 2INJONIIS JUT] 2]

[B1SAID () WO PIIE 30
SB [[9M SB 10970p [BI
afy ur ouwjd s01193] |
[BUOTIBIOL 27 °g "B

ayensnyy (g oy 1 *51;
S2IN78A] JRRIJION BT,
SOTIMUTITOISTP ASET[C
A7 JO SININIIS ST

HOILINTAXTH *f pun *




140 K. ScaeerscmyipT, R, Himreerawn, and J, HEYDENREICH

of 100 kV and (. = 1.4 mm; two different foil thicknesses are selected (i = 0.75§,
and t = 5&,) and different depth positions of the defect ({, = 0.125&,, 0.5&,, 1&,) as
well as two-heam excitations (w = 0, 1, 5) are chosen. Due to the localized BW con-
trast for the very thin erystal foil circular Fresnel fringes occur in the defocused BF
images. The experimental observation of these fringe structures reqnires a sutficient
coherence of the electron wave, i.e. a weak damping envelope of the CTF. Solely for
the exact dynamical excitation (w = 0) in thicker erystals such Fresnel fringes are
obtained as fringes parallel to the phase jump at the LNC. In the weak-heam case
(w = 5) the influences of the aberrations can be neglected, which indicates a relatively
smooth intensity and phase distribution in the exit wave function. The basic features
of the BW contrast remain visible in all cases irrespective of the considerable modifi-
cations of the image details for thinner erystals and the artefacts, which due to aliasing
and truncation, especially, ocenr as manifold fringes of the image borders (see e.g.
[2, 25]). The contrast details for ¢t = 0.75§,, however, change their direction 2nd posi-
tion proportionally to the variation of the defocus A, with the fine contrast being equi-
valent to the ideal BF image for /1 = 0 in the case of w = 0 and for /4 < 0 forw =1
(compare the smaller black-black lobes within the extended BW contrast).

8. Influence of Polynomial Defect Eigenstrains

Fig. 7 shows calculated BF, DF, and LF patterns of a spherical inclusion according to
(10) for different radii B, = 0.5R,, 0.7R,. 0.9R,;, and 1R, of the displacements with
polynomial eigenstrains. The parameters are @ = 0, by = 1, i.e. they are uniform but
inhomogeneous displacements within the inclusion. The simulated images correspond
to t, = 0.1255,, = 1.125&; of Fig. 1 to 3, respectively, of the pure dilation centre;
for R, = 0.5R, the contrast difference can be neglected.

For inereasiﬂg R, values the fine details in the diffraction contrast are modified,
the features of the BW lobes, however, are unchanged. For the higher R, values the
contrast fades in the LF images. Residual diffraction contrast is attained only in the
surrounding of the projection of the sphere boundaries into the image. This elearly
demonstrates that the influence of the special analytical form of the eigenstrains on the
contrast behaviour is very weak: remarkable LF distortions due to the phase differ-
ence between BE and DF only occur in the boundary region of the defect with the
gradient of the displacements not being continuous.

Similar results can be obtained for other depth positions and foil thicknesses as well
as for variations of the eigenstrains. Fig. 8 is concerned with the case of {, = 0.125¢,
(ef. Fig. 1, 2, and 3) assuming R, = Byand b_y;=1,0_, =5, a = 5 (Fig. 8a) as well
as by =1, by =05, by = 0.2, by =0.2, a = 1. (Fig. 8b), which means that non-
uniform eigenstrains are applied. The contrast effects of Fig. 8b are very similar to
those obtained in Fig. 7, whereas in Fig. 8a at the boundary of the inclusion the BW
contrast is separated by a faint c¢ircle having background intensity.

Fig. 9 shows two r-\ampleq of calculated BF, DF, and LF images of a spherical in-
clusion considering surface relaxation in the appmumatlou {or the infinite half-space
(see e.g. [5, 15]). In Fig. 9a ( = 0.07&, and € = 2 are chosen, in Fig. 9b { = 0.125¢,
and 2 = 5 are used. In both cases { = 1,123§,, I, = 0.05&,, and uniform eigenstrain
R, =0, a=0, b, =1 are applied. Comparing the results with similar images of
Fig. 1 to 3 shows the influence of the relaxation to the image contrast to he weak.

9. Influence of Many-Beam Imaging Conditions
In electron microscopy it is usually assnmed that the higher resclation of many-beam
imaging conditions improves the visibility of the defect fine contrast and that more
information is available about the local defect structure. In the following, many-heam
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by three-beam investigations and using multi-slice image calculations (see Section 9).

The associated BF, DF, and LF images of Fig. 1 to 3. respectively, demonstrate
a characteristic coincidence of the contrast features. BF and DF intensities are comple-
mentary, if the absorption can be neglected. A non-vanishing absorption causes a local
variation of the background intensity in the LF pattern, which decreases with increas-
ing depth position #, of the defect. The visibility of the fringes is characterized by the
product of the BF and DF intensities. with the thickness oscillations of the diffraction
contrast determining the general fringe structure. The depth periodicity and the fine
strueture of the BW contrast of both the BF and the DF amplitudes describe the visi-
bility of lattice fringes in the suwrrounding of the defect projection and the central
region contrast.

The three types of fringe modifications discussed in Section 5 (bending, termination,
displacement) are due to the phase difference between BY¥ and DF amplitudes, which
therefore is the most significant term in the present investigation. All examples cal-
culated show that the outward or the inward bending of fringes as well as their ter-
mination and their shift are not unequivocally determined by the defect nature,
because the phase shift strongly depends. for instance, on the depth position of the
defeet.

Deviations from the exact Bragg orientation (see Section 6) within the range of
dynamical excitation (0 = w = 0.5) show that the influence of the exeitation error
(specimen tilt) on the final image contrast is weak. Compared to the variation of the
specimen thickness and the depth position of the defect the lattice fringe distortions
are confined to fixed positions in the image for varyving tilt.

The fundamental features of the caleulated diffraction contrast (black—white lobes
and central contrast fine details) are maintained even if the microscope aberrations
are considered (see Section 7). but they are moditied in details. Furthermore, depend-
ing on the defocus, Fresnel fringes may occur. Unlike the ideal diffraction contrast
(aberration-free, in-focus) the lattice {ringe patterns are amplitied and shifted due to
the local variations in the phase difference between the interfering hright-field and
dark-field amplitudes. Lattice fringe distortions at the inclusions are shown to be asso-
ciated with residual diffraction contrast (e.g. black or white regions), whereas for many-
beam imaging conditions the phase influencing behaviour seems to be lowered (see
Section 9),

The fine details of the lattice fringe contrast are sensitively influenced by through-
focusing. Lattice fringe distortions are blurred by the mieroscope aberrations beeause
of their spatial frequency spread, but origin and local allocation are preserved. Never-
theless, the inner structure of inclusions, i.e. the eigenstrains assumed, have only
small effects on fine details in diffraction contrast and lattice fringe patterns (see
Section 8), they produce phase differences in BF and DF amplitudes resulting in cha-
racteristic contrast features and LEF distortions, -

The present work has shown that the comparison between diffraction contrast
images and the lattice fringe patterns of small crystal lattice defects allows one to
analyse the phase-influencing behaviour of erystal defects. Separating the different
contrast features, the comprehensive study of these phase distortions supplements
the defect analysis by conventional diffraction contrast techniques.

References

[1] K. ScnEErscavioT and R, HILLEBRAND, phys. stat. sol. (a) 91, 4685 (1985).
[2] R. HiLLegraxD, K. ScurERscEMIDT, and J. HEypexreics, Ultramicroscopy 20, 279 (1086).

Computer Simuals:

[3] M. Winges=
YVol. 1, Badun
[4] M. F. As==
[6] K.-P. Ce==
[6] K. G. ¥t
[7] M. W=
]“ (r% = o




(6861 ‘& snbny paaiavayr )

“(F961) rez ‘w1 Adoossorarmenyyn Cssavy (T (el
(e861) CI8 “TEV "TEIf U4 ‘axvNiwy 4 pue vazvaogd "X [¥E]
“(eRRT) 6zL “TCV “BrI{ [IYJ ‘FAIHSOX "H Pu® ‘¥YAIROL J{ ‘clowmusvH ‘H ‘HoaN{ ‘H VIV N [€z]
“(986T) TLC "RV Svjg I4J “InCHIN ‘5 pur IVavH) ¥ [ZZ]
(GRBT) F2 “TIT () -jos 1e1e ssdyd ‘agayy d [1%]
1861 2PH mmuseam)) Cssevy ‘axvasd ol g [0E]
g1 *ANSIAINY SEIQ PUOZUY SIEAT [, ‘STIANTVHE [V [61l
(CLET) L¥S ‘aF “UooRR j9d® "f wEA ©L pUv STATACHOSO "V 'Z [811
"LS6T
nopuo/ucisog/enIeH T, “1qnd FoyliN ‘IE SPIOS Ul s jo smepamonnty vaajy L [L1]
(LeGT) 9LE “THaV 2o “Soyy ooy “xatansg '@ ' Lotl
(2861) 62 “eey v g ‘mEaviy A [91]
“(286T) TLE “02 S(1861) €29 “§9 (®) "jo= 3=i= =ind “=o=mag g pue msaaq°q [¥1]
“(0R6T) 6LF ‘09 L(FLET) 66 ‘Fa {(FLBT) £FC ‘€3 H(ELGT) SFN 9L (¥) Jos s siyd “rssawy q [€1]
(zL81) LE11 "9 ey "Tg sxmosaq d H [21]
(LOBT) 619 “OT "SI "[Fg =3H0) “§ "F pue “FEA "L ‘ss¥8 1S [11]
“(L86T) T 00T (®) -1os “3eys 'sAqd ‘soqomy °[ "I PU® “NIHOTVIONIN 7] “A ‘aozszay A "4 [01]
“(£86T) LOF ‘68 (®) '[os "ams siyd ‘sSAITIAY I puv TEEOSAED "M [6]
"I861 ‘1a0dey G10L
NI/ INMO Atoyeroque [ruonuy 95pU YO NEEE [ PU ‘wEd00) '@ A\ SENAE 7 (8]
(gzE d) SLGT “0D ‘[N PUE[[OH-THON ‘TIAANT] NVA [ PUP ‘SuTAAY) Y
SXHONTTANY 'Q "PE *PIUSIOE [PHagR]y Ul sanbrugoa, FmSeur] put UonavIgi( ‘ul SNENTIM T [L]
(0061) SLT ‘13 wnipey *sATg *r ‘xsoug ‘J{ T PUT TAXINTOW D Y [9]
(£961) €1T ‘ga (08 "ws 'sfuyd “@THAY "T{ PU® “SNENTIA\ ‘(M) g [¢]
“(£961) 6FOT ‘€801 ‘8 "y “[1Yd ‘XMoug "I T pue X&6SY "I "W [¥]
(g1 *d) $86T 3sadupng [ '[OA
‘Adoogororyy uonpapg -aduo)) ‘doinyg MR 0L FRET Adoosoroyy uorpa[g ‘sxaITpm I (€]

&F1 sofeul] JRRINTO)) UONATL] Jo wonvnmy eindmoy)

o
1

((9861) 6LZ ‘0 S
=%

S
syrawrapddns swois
JUDIAFIP o1f) Sulie
0} 9UO SMO[[® £123]
ISBIFUOD UOIIIBIFE]

-BI[D UL FU[NSAL 53
29s) swiayyed aFuns
A[uo 2A®Y ‘pItanss
-1aaaN ‘paszasaid 3
S5nBIaq S[IUE'],‘_B.I.[GC[’!
-gAno1y) Aq pIauae

998) paramof agq o1
- LR 107 SBITIYM ©
-088% 9( 0] UMOYS 3
pue plag-ysug sa
07 2up PIYIYS PUB
1SBIIUOD WO} BIFILL
-puodap ‘drourtat il
suopyerage adooso
§3([O] 2T M-OB[()

SUOTJIOISTP ATUTI] 2
oY) JO UOTIBLIBA 91
0113 TIOI3BITOXS 3]
Jo |Buea oy} WA

o2 fo wonsod yyd
arnjeu 10919p 93
19} I1aY1 B [[3M &1
-2 sajdurexa [y
gorga ‘sapnjrydue
‘o BUIIal ‘Furp

[BI1Ta0 9} pie wo
~ISTA 9} AYLIISAP
aury Y} pue A3mIp
HOTIOBALIP 3 FO &1
a3 &g paZLIBIIRIEL
-SBOLOUT T1IM S35
820 ® sasued uond
-orduron 2T $213TSU:
sjerysuowrap ‘AoAl
‘(g woryoag 99s) suC

FOITUNTOAGH [ put



