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A new method ia proposed for the analysis (vacancy or interstitial) of dislocation loops
by means of tbe so·caUed inside-outside contrast. A simple and straigbtforward reci}>e ja
dc,~clopcd ",hicb ia applicable in tbe same manner to loops of edge alld of noo-edge tYl>e
irrespcctive of tbe loop orientation within tbe transmission foil; in particular, therc is 110

reason for a subdivision of tbc loo}> orientations iota "safe" and "unsafe" orieotations as
required wheo applying the method of llaher aDd Eyre.

Es wird eine neue Methode vorgeschlagen, um anhand des sogenannten "inside-outside"
Kontrastes von Versetzullgsringen deren ~ntur (Leerstellen- bzw. Zwischengitteratom-Typ)
zu bestimmen. Es ergibt sich eine einfache und einheitliche Verfnhrcnsvorschrift, die in
gleicher Weise anI Versetzungsringe mit uud ohne Scherkomponente augewandt werden
kann, unabhängig von der Ringorientierung in der Durahstmhhmgsprobe. Insbesondere
bedingt diese Vorschrift keine Aufteilung der R.ingorientierungen in "sichere" und "un
sichere" Orientierungen, wje dies bei Anwendung der Methode von Mn,her und Eyre crfOl··
derIich ist. .

1. Introduction

Thc analysis of the type of a dislocation loop, vacaney or intel'stitial, ia
a common task. in transmission electron microscopy of crystalline specinlens.
H the loops are large enough in order to give rise to a well-resolved loop image
or at least to a "double-are" contrast figure thc analysis is best performcd by
application of thc so-cal1ed "inside-outside" contrast method (I-O-method)
first introduced by Groves and Kelly [1] and used with minor variations by
Mazey et ai. [2] and Edmondson and Williamson [3]. Thi. method is based on
the fact that under kinematical diffraetion eonditions thc image contrast of
a dislocation loop lies either inside or outside the true Ioop position as projeeted
onto the image plane, depending upon (i) the type of the loop, (ii) its orientation
witb respeet to the electron beam and the operating diffraetion veetor g, and
(iii) the sign of the exeitation error 8.

'fhe applieation of the I-O-method, for instanee in the form as deseribed by
Hirsch et al. [4], is straightforward in the case of pure edge loops (Burgers veetor
b perpendieular to the loop plane). A rigid applieation of this proeednre to non·
edge loops (Ioops with b non-perpendicular to the loop plane, sometimes ealled
"loops with shear components") may lead to illcorrect results. This was first
pointed out by Maber and Eyre [5]. Ll order to avoid these diffieulties Maher
and Eyre and, in a slightly different form, Kelly and Blake [6] have worked out
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somewhat mOTe complicated varinnts of tbc I-O-method which should yield
eorroet results also in tbc oase of non-edge loops. An essential point of both
these variants of the I-O-method is the use of the so-ealled FSfRH-mle ("finish
start/right-hand") [7,4] whieh is applied in order to deline the BUl'gers veetor
of the loop.

In thc prcscnt paper wo will show that thc I-O-mcthod enD be cast into a form
whieh is equally snitable for edge and non-edge loops and whieh is, to Dur uncler
standing, more easily applied in praetieal eases t.han those of [5, 6]. The essential
step in Dur approach is thc replacement of thc FSjRH-rule by Rnother definition
cf thc Burger. vector of a disloClltion loop whieh wns introduced by Kröner [8]
and Kroupa [9].

2. ])efinitions

Thc crystallographic nature of a dislocation Ioop is fully charactcrized
by thc normal, Oll, of thc loop plane and thc Burgcrs vcctor, b, of the loop
dislocation. In this section we introduce definitions of on and b whieh will
be used Iater.

1. For a given vector, say'v, we distinguish betwccn thc "axis" and the "direc
tion" of 'v. The difference betwcen these two notions is rccogllized easily, if olle
considers timt two vcctors of oppositc directiollS, Le., v and -'V, have a COffi

mon axis.
2. We deline as the loop normal" that unit veetor pel'pendieular to the loop

plane whieh points upwards in thc electron microscopc, i.c., towards thc electron
source.1 )

3. We may defino a positive and a negative surface of lhe loop area, with the
positive surfacc showing upwards, cf. :Fig. 1. Thus n points from thc negative
to thc positive surface. Kow the positive dircction of the BUl'gers veetor b of
the loop js defined as folIows:

The Ioop is formed by shiftillg the negative surfacc against the positive surface
by a clisplaecmont b (of course, at thc salUe time mattcr hus to be rcmovcd 01'

added, depending on ('11. • b)). From this definition it follows'):
(11 . b) > 0 ~ !oop of ,aeaney type,
(n. b) < 0 ~ loop of intel'stitial type.

le1ec1ron beam

~PJSiliYeSUtfoce )

b negoh", sutfoce I
li'ig. 1. Definition of the <lirection of '11. and b
for a loop of interstitial type. The Bnrgcrs
vactor describes thc shilt of Ul.e negative against

the positive surfaee

1) Definition 2 fails for loops in thc so-called edge-on orientation (n perpendicular to thc
electroll beam). This is, however, unimportant sinee in this orientation the I-O-method is
not applicable at all.

2) For dislocation loops whieh are formcd by clustering of point defeets we have alway.'S
(n . b) =l= O. Loops with ('11. • b) = 0 (pure shear loops) may bo produccd, e.g., by pinching
off of a slip dislocation after passing around an impenetrable obstacle ("Orowan-mechn o

nism"). In this ease, which will not be considered fnrther, thc definition of the direction oI
b describes thc direction of thc ahear ovcr tbe loop area.
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For the experimental determination of tbe axis of n we refer to the methods
proposed in thc literature [5, 10, 11]. Onee thc axis ofn is determined the direc
tion of n follmvs from the definition 2.

Thc axis of the Burgcrs veoto1' b is usually derived from experiments resulting
in contrast extinction (y . b = 0). In the following we shall show that the cor
reet direction of b eRn be dedueed directly from the inside-outside contrast
experiments.

3. 'l'he (y . b) . s-Rule

If a dislocatioll line is imaged with an excitation enor 8 =F 0 the cOlltrast line
is latera.Ily shiftcd with respect to its geometrically projected position. This late
ral shift depends only on the component of b parallel to thc axis of y (see, e.g.,
[4]). Therefore, for a description of the I-O-method it is sufficicnt 10 consider
a eross-section through the loop, where the seetion plane (= drawiqg plane) i8
parallel to tbe electron beam and to g, irrespcctive of the components of n alld
b perpendh:ulal' to the drawing plane.

3.1 PfU'e edge loo})s

We con8ider a pure edge loop of intel'stitial type in two different orientations
imaged with 8 > 0, cf. Fig. 2 and 3. The wrections of.,I, and b aro elra wn accol'd
ing to the definitions of Bection 2. In Fig. 2a and 3a the dislocations cut by the
d1'awing plane are characterized by the corresponding symbols of the edge COlU

ponents of their Bnrgers vector parallel to the elrawing plane. In Fig. 2 band 3 b
these symbols are further reduced to t.he components of b parallel to the axis of g.
The latter fjgures also shmv the bending of tho rcflccting lattico pbncs as causcd
by the reduced Burgel's vocto1's. By well-known arguments the maximum COll

trast is produced on that siele of a dislocation on whieh the l'eflecting lattice
planes are locally bent towal'ds the Bragg diffraetion position. Then it folio ws
ü'nmediately that in Fig. 2 an inside contrast allel in Fig. 3 an outside contr<lst i8
produceel. In terms of y, bund 8 we arrive for these particll]ar eases of inter-

Fig.2. Edge loop in an orientation
which gives rise to an inside contrast.

:E'or details see text (I intensity)

Fig. 3. Edge Joop in an ürientation
which gives rise to an outside con·

trast. Für details see text
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stitialloops of pure edge type at the following (g. b)· 8-rule:

(g. b)· 8 > 0 ~ inside eontrast ,

(g . b) . 8 < 0 ~ outside eontrast .

In this form the (g. b)· s-rule is a direet eonsequenee of the definitions of See
tion 2.

Since the contrast changes from an Hinside" position to an "outside" position
(01' vice versa) if thc sign of g, thc sign of b (change from an interstitialloop to
a vacancy Iocp 01' vice versa), 01' thc sign of 8 is challged, we conclude that this
(g . b) 8-rule is generally applieable at least for pure edge 1001'S. In the next
section we shall show tImt this is true also for loops in non-edge configurations.

3.2 ExtensiQu to 'uon-edge loops

We start from a pure edge 1001' of interstitial type with the Burgers veetor b
inelined to the image plane (perpendieular to the eleetron beam) by an angle y,
cf. Fig. 4a. Für 8 > 0, according to Fig. 2a, this Joop produces an inside OO})

trast. In a next step ,ve change thc loop into a non-edge configuration prcserving
thc interstitial nature of thc Ioop. This can be done, e.g., by extencling thc Joop
on its glide eylinder. In this way the number of point defeets stored in the 1001'
remains the same, while the axis of the Ioop normal 11. changes. '~Te describe these
changes of the axis of n by an angle ~ (Fig. 4 b) or, if the 1001' is extended in the
opposite direetion, by an angle ~' (Fig. 4e, d). Sinee the 1001' is extended only
on its glide cyHnder, (X and (x' are restricted to 0 < (X, (X' < n/2.

In the oase of Fig. 4b it is immedjately obvious that, irrespective of the valtte
of (x, an inside contrast is produced with (y .1)). 8 >0 in aH eases. The same is
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Fig. 4. Different loop orientations, all with tbc same axis of b, giving rise to either inside 01'

outside conttast. Fot details see text
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true for the case of Fig. 4c where IX' < y. For IX' = Y (edge-on position of the
loop) uo inside-outside contrast is produced.. If (x' exceeds y tbc two dislocation
segments drawn in the figure interchange their mutual lateral position. Thus thc
contrast changes from Hinside" for (x' < y to «outside" for (x' > y. This change
from "inside" to "outside" contrast ia correctly described by the (g. b)'8-rule
of Section 3.1: For a;' exceeding y the direction of n has to be reversed according
to the definition 2 of Section 2; in order to prescrve the interstitial nature of
the loop the direction of b mnst be reversed too (cf. definition 3 of Seetion 2).
Accordingly we have (g . b) . 8 > 0 for IX' < y and (g . b) . s< 0 for IX' > y.

We conclnde that for all non-edge eonfigurations whieh can be derived from
the pure edge configuration as schematically drawn in Fig. 4a (or Fig. 2a) the
(g·b)·s-rnle of Section 3.1 is applicable. It is easy to show that the same is
true for aU non-edge conIigurations of interstitial type which are dcrived, in thc
same malmer as treated above, from the pure edgc eonfiguration as schcmatic
ally drawn in Fig. 2b.

Thc same considerations apply to loops of vacancy type where, according to
the reversal of thc direction of b, the inside contrast has to be changed into an
outside contrast and viee veraa. Thcrefore we eonclude tlmt fol' allloop o1'ien
tations giving 1'ise to an inside-outside contrast the (g. b) '8-rule of Seetion 3.1
together with the definitions of n. and b as outlined in Seetion 2 gives a self
cOllsistent hldexing of thc loo}> type, vacaney 01' interstitial.

4. Determination of the Loop Type')

Let us assume tbat the inclination of the loop in the foil (axis of tbe loop plane
normal n) has been determined with sufficient aceul'aey. Then the direction of
n i8 givcn by definition 2 of Seetion 2. The axis of the Burgers veetor b of thc
Ioop ean be determined by eontrast experiments using the y . b = 0 criteriol1
for contl'ast extinetion. Then, by obscrving whether thc eontmst is "inside"
01' "outside" for a particula1' diffraetion vector y allel a givcn sig)) of the exeita
tion error 8, the dircction of b eRn be determined uaing tbe (y. b)· s-rule of
Seetion 3.1. Finally, ollce the direct,ion of b is known, the loop type, vneaney 01'

interstitial, follows frolll thc definition 3 of Seetion 2.

5. }'inal Remarks

The inside-ontside method described in tbe present paper is based on the
definition introduced by Kröner [8] and Kroupa [9]. Aceordingly the loop type,
vacancy 01' interst.itial, is unequivocally eharacterized by tbe angle «nj2 01'

>1'/2, respectively) between the normal" of the loop plane and the Burgers
veotor b of the loop. This sign convention, whieh has been shown to be very
convenient also in thc field of the black-white eontrast analysis of sIllall disloca
tion loops [12, 13] allows one to develop a very simple reeipe for the interpreta
tion of thc inside-outside contrast of loops. For aU eases giving risc to au inside
outside contrast of djslocation loops it is shown that this reeipe ean be applied
in a straightforward manner and does not lead to complications for particular
loop orientations, irrespective of whether tbe loops are in a pure edge 01' in
a non-edge configuration.

3) This recipe is valid for a loop viewcd from abovej i.e. we are discussing photographie
negatives, or positives printed with emulsion side up.
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In the inside-outside method proposed by Maber and Eyre [5] (cf. also Kelly
and Blake [6]) the direetions of n and bare defined aeeording to the FS/RH-rule
[4, 7]. This rule, originally established for the definition of the Burgers veetor
ol a single dislocatioll, requ.ires, as an intermediate step, thc definition of thc
sense ol circulation of thc loop dislocation. Such an intermediate step, which
may be a source 01 errors, is not requircd in thc Kröner-Kroupa-definition.

In the method of Maher and Eyre the possible loop orientations are subdivided
iuto "safe" and Hunsafe" orientations depending on thc mutual orientations of
thc axes of n and b with rcspoct to thc diffraction vcctor g and thc direction oi
tbc electron hearn. For "safe" orientations thc loop behaves like a fictitious pure
edge Ioop ol thc same Burgers vector and ol thc same type, vacancy 01' inter
stitinl, whcl'cas for loops in an "unsafe" ol'ientation the fictitious pure edge loop
has appa.rently ebanged its type. Obviously the method of Maher and Eyre,
although in principle correct, is fairly complicated and has, indeed, led to some
eonfusions in the literature [14 tu 16].

As a matter of fact aU variants of the illside-outside method bccome question
ahle eitber (i) for physieal reasons if the loop is close to a pure shear loop
((n . b) "" 0) or (ii) for experimental reasons if the loop is close to an edge-on
oricntatiou (n nearly perpclldicular to the electl'on beam). Then thc resllit of
the analysis of thc inside-outside contrast depends sensitivelyon the accuracy
by which thc axes of 11. a,nd b caD be detel'mined.

In a subsequent paper [17] the method proposed in the present paper will be
applied to the analysis of dislocation loops (commonly eatled "swirls") in nearly
perfect silicon crystals. Some prclimillary results of this analysis were reported
elsewhere [18].

.!lclmowleclgenlellts

The authors are indebted to their eolleagues for eneouragement and help
during the preparation of the manuseript. Espeeially the eomments of Prof..
Seeger, Dr. Kolbesen, and Dr. Urban are gratefully aeknowledged.

Relerolloes
[1] G. W. GROVES and A. KELLY, Phil. ~lag. G, 1527 (1961).
[2] D. J. MAZEY, R. S. BARXES, and A. HowlE, Phil. Mag. 7, 1861 (1962).
[3] B. EDMOXDSOX and G. K. WlLLI,L'\ISOX, Phil. Mag. 9, 277 (1964).
[4] P. B. HmsCH, A. BOWlE, lt. B. !\ICHOLSCN, D. W. PA.5HLEY, and 11. J. \VUELA.."',

Electron Microscopy of Thin Crystals, Butterworth, London 1965.
[5] D. M. MAlIER and B. L. EYRE, Phil. Mag. 23, 409 (1971).
[6] P. M. KELLY and R. G. BLAKE, Phil. Mag. 28, 415 (1973).
[7] B. A. BlLDY, It. BULLOUGH, and E. SmTH, Proe. Roy. Soe. A 231,263 (1955).
[8] E. KRÖNER, Kontinuumstheorie der Versetzungen und Eigens1>annungen, Springer

Verlag, Berlin 1958.
[9] F. KRourA, Czeeh. J. Phys. A 13, 301 (1963).

[10] P. M. KELLY and R. G. BLAKE, phys. stat. sol. (a) 2ii, 599 (1974).
[11] P. )1. KELLY and R. G. BLAKE, Phil. Mag. 28,475 (1973).
[12] M. \'lLKE"S and M. RÜHLE, phys. stat. sol. (b) 49, 749 (1972).
[13] Ji'. HÄUSSER:ll.A...:."'\N, 1\1. RÜIlLE, and M. WILKENS, phys. stat. sol. (b) iiO, 44.5 (1972).
[14] C. M. VA" nER WALT, Phil. Mag. 24, 999 (1971).
[15] D. M. MAHER and B. L. EYRE, Phil. Mag. 26, 1233 (1972).
[16] C. M. VA" nER WALT, Phil. Mag. 26, 1237 (1972).
[17] B. FÖLL and B. O. KOLBESEN, to be published in Appl. Phys.
[18] H. FÖLL, B. O. KOLBESE", and W. FRANK, phys. stat. sol. (a) 29, K83 (1975).

(Received AUYU8t 8, 1975)


