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n.Abstraet' As. part of an electron microscopic study of plagioclase, dis~

placement vectors for b~ and c- domains have been determined from contrast

experiments and calculations. In lunar anorthite from breccia 15459 (An

‘ 94,9),‘§:domains could only be imaged in dark field with b-reflectionms

‘tions and c-domains only with c-reflections. The vector corresponding to.

these contrast conditions is %[110] for b-domains and %[111] for c-domains.

The face centerlng vector %[110] relates two domains with a reverse Al/Si

‘larrangement.p The body-centering vector %[111] relates domains of identical
j? Al/Si distribution but different atomic cootdinates;' Fringe patterns for
begfdonains have been obtained for Pasmeda anorthite;' Calculated intensity
"profiles applying multi-beam dynamic theory and a:%[lllj displacement vector -

‘are In agreement with the observatioms.

|

- INTRODUCTION -

Recent transmlssion electron microscopic studics of the feldspars by~

townite and anorthite have revealed antiphase domains up to some microms in

diameter which were separated by antiphase domain boundaries (Christie et al.,

1971; Czank et al., 1972; Heuer et al., 1972; Lally et al., 1972; Muller et al.,
. l972; Miller and Wenk, 1973 ; Wenk et al., 1972). While such'domains were directly

. seen for the”first time in the transmission electron microscope, X-ray crystallo-

graphers had postulated their presence years prior to such observations (Goldsmith

’and Laves, 1955; Megaw, 1962; for a review of Structural studies on feldspars }

- the-reader is referred to the paper by Smith and Ribbe, 1969).

Two different types of antiphase domain boundaries (APBs) occur: type

b-APBs,which may be imaged with type b-reflections (h + k odd, % odd) and

type ¢-APBs which may be imaged with type c-reflections (h + k even, £ odd).

Clearly resolvable c-APBs have been observed in anorthites with a chemical



composition between An 92 (Ngo.08C30.§2A11.92512.08°8) and An 100 (CaA1;s1208).

Type b-APBs have been found in bytownites and anorthites in a composition
range of about An‘80 to An 95. |

In this paper, we report on the analysis of the displacement vectors
of both typesvdf anfiphase domaiﬁ boundaries in-anorthités by transmission elec—
tron microscopy. The antiphase or displacement.veétor of an APB separating two
domains is the vector which translates the lattice_of one domain into that of
the other. APBs in a crystal may be formed by deformation.orrmay‘be caused byk _
ordering processes which take place during.cooling (foi literature, cf. Marc-
inkowski,'l963). Wé deal in this paper with the latter case. The terms anti-
phase domain and APB aré used here not as striétly’as metallurgists mighg |
do (compare Christie et al., 1971). Thatvis,'wé_do not exclude that the APBs
are due to phase changes from a crystal with highef to lower symmetry whiéh.t
involve not only ordering of étatisticallyvdiséributed atqms to distinct lgtf
tice sites but may alsé cause some changes of atomic coordinates. Therefbré,'

the displacement vector may be an imperfect lattice vector.

EXPERIMENTAL

A Hitachi HU 650 electron microscope with 650 kV acéeleration voltage
was used for this study. It waé equipped with an orthogonal high—angle
tilting stage which permitted tilting up to +25° (Bouchard et al., 1973). C
Suitably thin electron transparent foils were prepared from conventional 'Lé
petrographic thin sections by ion-bombardment (Barber, 1970). Specific

conditions are described by Miiller and Wenk (1973).
CRYSTAL STRUCTURE

Anorthite, CaAl;Sis0Og, crycallizes_in'the space gtoup,Pi. Its unit
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" anorthite consists of four subcells of- equal volume with the c-axis of 7 A.

.rangement.

'”'cell is primitive and the c-axis (14 A) about twice that of the feldspars o

albite or microcline which are described in a C face—centered structure

(Taylor, 1933;-Taylorvet al,,‘l934). Structure analyses of anorthite were

‘done by Kempster et_ai. (1962) and Megaw et al.'(1962); a structure refinef_f

ment was conducted by Wainwright and Starkey (1971) . The unit cell of

It was found that Si.and Al tetrahedra alternate S0 that each 0xygen atom .

has one Sl and one . Al as neighbors, i.e., Si and Al are. perfectly ordered.

, Pairs of subcells related by the body-centering vector %[a\+ b + c] have
"’the same.Si-Al distrlbution; but differ in their atomic coorinates.-_On '

J:xthe othe hand, pairs of subcells related by the C—face—centering vector

%[a + b] have similar atomic coordlnates but an exactly reversed Sl—Al ar-

The.x—ray reflections of anorthite have beensclassified as type a

(h + k even, % even), b (h+ kodd, L odd), ¢ (h + k even, 2 odd), and d

(h + k odd, L even) (Gay, 1953). Type g;reflections'are the only reflectionsfi:
present in-alkalireldspars; gfreflections have beendattributed'to Si-Al o
order (Laues and Goldsmith 1955) and are also'present invbytownites (An 80';¥
to 90), and they become increasingly weak with decreasing An-contents and
Split up (e—reflections in intermediate plagioclase) The crystal structure Q‘
with only a- and b—reflections has been called body—centered anorthite..
Anorthite vith sharp c- (and the much weaker d-) reflections is called

primitive anorthite and that with diffuse Efreflections transitional anorthite.

' The boundaries between these types of structure are'gradational.

DIFFRACTIOI;I'CONTRAST ANALYSIS OF ANTIPHASE-DOMAIN BOUNDARIES

' Lattice_displacements modify the scattering potentials of the crystal



and introduce phése”dependendes of a = 2ng -.ﬁ(z),into'the diffraoted'eieeﬁ
_tron amplitodes‘(é = reciprocal lattice vector for the reflection operating,

R(z) = displacement). For simple planar defects such as stacking faults

and entiphase_boundaries (APBs), the dieplacement vector R(z) changes abrupt-'

1y only across the:discontinuity plane andtremains'constant otherwise. This
change‘in displacement_is a crystel patemeter and is the same for 511 dif-
fracted beams. However, the changeiin phase angle, Aa,vvaries oue to the
tdiffereot teciorocal lattice vectors associated»ﬁith different difftacted
.beams. ‘For exemple, the transmitted beam with‘tel—Vector E = (000) never g
has phase ehanges introduced bf displacements of defects of_any.sort since

" Ma'=a = 0 in all cases. Often with planar defects the situatioo arises

wherein diffracted beams will have phase changes Aa = n2m, n = § 'Aﬁ an inte-.

- ger, eod'there will be no direct infiuence of the planar,defect upon toese'
diffrected‘beams. |

'Cootrast from theee defectS'arises through dyﬁamie intetactionS'with
‘beams for which a # n2r. The bright-field image of an inclined olane will

~only exhibit fringes if there is at least one diffraeted beam whose phase

was influenced by the discontinuity plane. From the viewpoint of the simpleff

two—beam dynamic theory, . APBs would be invisible if a fundamental reflec-
-tion (a) were exc1ted and would exhibit fringes in both bright-fleld and

dark-field if a superlattice reflection (b or c) were excited

Because of the size of the unit cell in anorthite, it is unlikely that &

two~beam conditions would ever be realizable at any voltages commonly en~

countered in transmission electron microscopy. The contrast experiments for_;"

this report were performed at 650 kV where multiple-beam interactions, both L

systematic and simultaneous, were unavoidable.
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'fIn.order'to estimate the contrast to be expected for the various APBs

ﬁin multiple=beam situations,.a computer program'capable of calculating the

results of such lnteractions was specially modified -to handle the treatment '

' 'of a tricllnic unit cell with a 1arge ‘number of atoms and a variety of species
e v(for formulae see Van Landuyt et ‘al., 1064, and the review of Amellnckx,

| 1970) Atomlc Species, p051t10ns, lattice parameters, and temperature

‘sfactors were obtained from Wainwright and Starkey (1971) . Electron scatteriné

'factors were,obtained from standard tables (Hirsch‘ret al., 1971). The ratlo;v

of the?mean andlanomalous absorption parameters was estimated as 0.67.

" THE DISPLACEMENT VECTOR OF b-APBs

~

Type b-APBs occurring_in calcic plagioclases from lunar basalts were . |

- firSt.observed by.Christie'et al. (1271). These»authors report that APBs geééi
,i'in_contrastlusing b-reflections and out of.COntrast with gf,andvgfreflectlonsi
.:sThej attrihute thelbfAPstto subsolidus orderlné of Si-Al and.concludevthat ;i
',i'the‘antiphase vectorbis %[001] If this were the case, the b-APBs should be
‘);a,observable also in the light of type c-reflections ‘because both b~ and c- |
lt; reflections would give o = ¢ 1 mod 2t for R = 5[001] In a later paper,
; Heuer et al. (1972) attribute the failure to image b—APBs wlth c-reflections
ih:to their weakness and diffuseness In fact, the b—APBs observed so fat
t.(Christie et al., Heuer et al., 1972; Lally et al., 1972; Muller et al.,
vl972 Wenk et al., , 1972) occurred in bytownites and anorthites (An <95) whichvi
f;:had diffuse and relatively weak c—reflections 'Hence, it was‘not possible- i
'l{vuntll now to conduct conclusive diffraction*contrast experiments in order to"f

" solve the problem.

we found.now‘in an anorthite crvstal (An 92.5) from lunar breccia 15459,

'0.05 mn in diameter, both type b- and type c-APBs, the c-reflections being
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felatively intense and sharp (Figure 1.  This.has:pe?ﬁi£tedvthe dete;mina?
‘tion of the displaéemeht,veétors of both types ovaPBs.' 
Contrast experiments showed thét the'E;APBs were out of conﬁrést using -
a~ and sfreflections. Fﬁf illug;;ation,»the phase fagﬁéfs_u qaléulated for
seve;al opéréting reflectioﬁsfgr and fof the di#placement vectors_%EOOl],
%[110], andx%[lll] are given in Table 1. ~ According to Qiéibility—vand inv£~
sibility—critefia.the displacement vector 1is &[110] fof the b-APBs and.%[lll] : .
. for c-APBs. | | o B
Figure lé.diSplaYS the smoothly curved‘b—Ast whigh are generally larger
théﬂ tﬁe ﬁore.nggedlngPBs in this crystal (Figure lb); Dark field mic;o-
graphs simul#éneoulsy iméged with aihf and gfreflectioh_sﬁow thaf in the .
Bragg contour qf the b-reflection only thevngPBs afe.in'contrast and in

the Bragg contour of the c-reflection only the ngPBs_(Figuré 2).
THE DISPLACEMENT VECTOR OF c~APBs. AND EXAMINATIONS OF FRINGE CONTRAST

'_;vThe eléctron mic:oscope'sﬁudy of APBs in the aﬁofﬁhitg.ffoh'val Schiesone,».='
| Alpévanb97) led Mﬁlier et al..(1972) to the'conclusidn'thgt'the antiphasge |
, vector 6f_£;APBs is %[111],.since‘thevAst Qere in éohtfast with gfreflectiéns
operating'and'ogt.of'conﬁrast with a- and gjreflectioné;‘_The displacement veétqfﬁ
!5[111] was. prediéted by Ribbe and Colville (1968). Our studies of Anorchice frou;‘-',‘.
Val Pasmeda, s. Tyrol (An 100) and-of.an anorchiﬁe ffom iunar breccia 15459
(An 92.5) coﬁfi:med_the'previous ;esults. Fringe pétterﬁs providedvadditiqqal
evidence. Figure 3 showé SrAPBs in the anorthite fr&m Val Pasmeda; Figure 4

‘shows a'selectedvarea from Figure 3 in bright field and'iﬁ dgrk field using



'a;'andic-reflections’to'image the donainS' Intensity profiles have been

calculated applying multi-beam dynamic theory.

One of the characteristics of an APB as opposed to a.stacking fault,,

 is that anomalous absorption effects are not readily observable-in_images

of the-defect. That is, the dark-fieldvimage of an-APB may;not be apparentlyi

asymmetricleVen though extremely thick foils are used. Computed intensityi;)v
-.:pfofiles’(FigureIS) are in agreement with obserVations (Figure 4), and only

a slight amount of dark—field asymmetry may ‘be’ detected S

An APB- would not - normally be expected to be detectable with an a-reflec-;

Ii_tion such as for g = 222 even though the boundary is in strong contrast for | i
| 'the_firstrorder image (g = 111) This 1is so because the phase angle for the .>
..-second;order'reflection is 27 radians (i.e., g * R = 1). . However, .under
:'rlstrong.multiple—beam conditlons wherein systematic or sinultaneous reflections
'“f;:are unavoidable,.the unexpected image would appear by double diffraction |
‘3(1 e., dynamic 1nteraction with other diffracted beams) ‘ Hence, Figure 5
'filalso shows the fairly strong dark-field profile for ‘an APB in the 222 image.ié
‘hhigThiS profile'is asymmetric since strong anomalous:absorption effects are e

.:?iassociated.with thisvreflection.

Although_the'computer profiles are shown for a foil thickness of only -

B two extinction distances, which may seem a small number, it must be renembered
vthat extinction distances for reflections capable of detecting APBs are .

. generally quite large For the lll reflection at 650 kv the extinction dis-

tance is 5950 A (computer calculated for relativistic electron scattering

from anorthite) and the foil thickness for an image with a similar number

 of APB fringes wouldvbe 1.2 microns, a very thickvfoil indeed.

Equipped with the above informationm, it is possible to determine’ the



diSplaceﬁén& vector of:ahfiphASe bbﬁndaries. .Stfdﬁg'.viéibility of APB
ffinges can be qbtainea, in bright-field and.darkffieldfimages, byvqfiéht- .
_iné the diffracting c;yst#l so that a reflectionlis Strdﬁglyiexciﬁed for
which the phase‘angle change produced by fhe boundary is an odﬁ hultiple of

7 radians; otherwise, near or complete invisibility of the boundary will

occur. Very thick foils must be used to obtain even a few image fringes
"because of the'extféﬁelyvlarge extinction distanceé_associated with reflec-

cipn sﬁitéblevfof imaging APBs. Images are easily. distinguished from those S

of 6thét planér defects both by the invisibility criteria and the image

charactét wé:ein anomaldus absorption éffects are not strongly evident, ‘and o
-bdth bright- and dark-field images are symmetrical about the foil center.
'-ThevAPB fringe images are complimentary in the two fields; the central fringeﬁi

-ﬂbéing bright in bright—field and dark in dark-field images.

DISCUSSION AND- CONCLUSIONS -

‘Two differegt ;ypés of antiphase domaiﬁ bodﬁdéfies'(APBs)vin anérthiﬁe§ ;:J
vha#e beén-observéd by transmission eleptron'microscopy:- the displacement
- véctor of ngPBs'Was determined as %[110]. This,veqtbr is in agreément wi;h ;
/ strﬁcturai_considerations since it.relates sublattiées of similar atomic .

’ coordinates but exactly reversed Si-Al arrangemeﬁtg, i.e., the formation
~ of b-APBs is connecte& with Si-Al ordering (Léveé and Goldsmith, 1355; see
.i»vAlSQ Christie et al., 1971). It is likely that 5[110] {and not %[001] és
';vsuggested'by Christie et al., ;971; and Héuer‘et él., 1972) is the disﬁlace-‘;g
;;ment vectoivfér b-APBs not only in the anorthite An 92.5 frcm lunar brecéia"if

15549 but_élso in calcié plagioclases which have diffuse c-reflections. ' In

the truly body-ceﬁtered structure, of course, the antiphase domain vectors

%[llo] and}%[OOl] would describe identical situations.



The antlphase vector of c«APBs was found to be 1/2 Illl]

'Structural considerations suggested also thls antlphase vector (cf.

_Goldsm;th:and Laves, 1955; Megaw, 1962; Ribbe and Colv1lle, 1968).

Heuer, et al. (l972).mention that the c-APBs  are also in contrast

i with type‘d—reflettions. This is to be expected for the displacement

'_vector 1/2 [lll]

On the ba51s of these structural facts in calcic plagioclase we.

can speculate about some processes during cooling of an igneous rock.

At a:very high temperature the Al/Si . distribution is partially disordered.

Upon ceoiing ordered domains with reversed Al/Si arrangement are produced

”'lland'these'domains are separated by b-APBs. The displacement vector has
_been determined as 1/2 [llO] which is equivalent to 1/2 [001] in a truly

:h.body-centered structure. It.may be that b- domalns are only found in

plagieelaSe with an initially disordered Al-Si distribution such as in

. lunarvbasalt. Uéonzfurther' coolingvpositional ordet of Ca causes
éjAPBs Qith a displacement'vector'1/2_[1111. ‘Inithe3light of recent
:.i investigatiens (Muller end Wenk,’19735.the‘conditions under which |
éfdomains forﬁ are still uncertein, and it is nqtvuulikely that both

. b- auigfdomaiﬁs are produced during Al1l/Si ordering at high temperatures;

3;1 1)

Dr, H. Schulz informed us that a structural 1nterpretation of c—domalns
will be published by Czank; Van Landuyt, Schulz, Laves and Amelinckx in

'~ Z. Kristallogr. (title of the paper: Electron Microscopy Study of the
Structural Changes as a Function of Temperature in Anorthite).
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. TABLE 1. PRINCIPAL VALUES OF THE PHASE FACTOR o = 2rg » R (g = REFLECTION OPERATING, R = DISPLACEMENT

VECTOR FOR SOME. REFLECTIONS, AND OBSERVED CONTRAST OF ANTIPHASE DOMAIN BOUNDARIES IN ANORTHITE

' FROM LUNAR BRECCIA 15459.

‘ a : Observed Contrast

] R = %{001] R = %[110]) R .-~-‘§[‘111]. b-APBs in Contrast?' ¢-APBs in Contrast?
020 0 2n 2n no ‘no

202 | éw 2r 0 no no

101 n " 0 yes no

123 " " 2n yes no

213 17 " 21r ~ yes no

203 " 2n n no yes

313 .11 2n L no yes

313 4 27 " ‘no yes
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FIGURE CAPTIONS

Transmission electron micrograph of APBs-in an anorthite

crystal (An 92.5) from lunar breccia 15459. (a) Type b-APBs.
" (b) Type c-APBs. Dark-field images, 650 kV. Diffraction
3 patterns are inserted and g vectors are iﬁdicated;

- Dark-field image of b- (right) and c- (left) APBs (same

crystal as in Figure 1. The reflections g = 203 and 213

“afe 6perating simultaneously (see text)}_‘650 kvV.

. ?ype'szPBs in an anorthite (An 100) frbm.Val Pgsmeda, S.

Tyrol. Dark-field image with g = 131 operating. 650 kV.

' Type c-APBs in bright field (a) and dark field with 111 .(b)

and'22§ (c) as operating reflections:(séiécted'aréé from

.VFigure 3). Note contrast characteristics for a = n fringes.

",650 kV., Diffraction pattern inserted.

Computed multi-beam intensity prbfile;adrpss a c~-APB usiﬁg

dynamic theory. Profiles for bright;fieid and dark field with

111 (¢) and 222 (a) as operating reflections. %[111] is the

assumed displacemént vector. Conditions correspond'to'the

case shown in Figure 4 (direction of'foii normal = [314],

ﬂhécelerating voltage = 650 kV, corrected#extinctien distance =

1.61 R, electron wavelength = 0.0119 A, ?étio mean/anomaleus

- absorption parameters = 0.67, sixbeam case: 000, lli; 222;

111; 5 13 7; 13 39).
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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