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.,ANALYSIS OT ORDERING TN Cu3Au UlILr/th

LATTICE IMAGING TECHNIQUES:

‘R. Sinclair, K. Schneider -and G. Thomas
Department. of Materials Science aud Engineering, College of Engineering
and Inorganic Materlals Research Division, Lawrence Berkeley Laboratory,
Un1versxty of California, Berkcley, California
ABSTRACT
13Thevreselution of_lartiee fringes in ordered and'partially ordered .
3Au has been calculated using the dynamical theory'of electron

diffraction, taking into consideration the effects of such'variables

as foil thickness and»orientation, objective lens defocus, degree'of

- . order and, for_partiallyvordered alloys, the position of small ordered

domains in the foil. The experimental observations were found to be

~in excellent agreemenr’with these calculations. .Lattice defects in

~ ordered Cu3A“ heve_been studied using this techﬁiquc, Thus, the domain .

wall thickness at translational antiphase domain boundaries has been

. shown to be one or two atomic diameters and the antiphase boundary

separating the pair of fundamental lattice disloeations which coﬂstitute

a-euperdislocatien'has been revealed. A clear.distinction exists

between the'léttice image contrast of preddminantly.ordered and

disordered regions_end this has been utilized to study partial
long-range order and short—range order Short-range order iﬁ this
system is characterised by a disper31on of small highly ordered domalns,

~15ﬂ in diameter, in a predominantly disordered matrix.

* BrOWn; Boveri and Cie A,G;,‘D-6800 Mannheim 1, W.'Cermahy
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INTRODUCTION

Significant contributions to the understandihg of the mechanisms

of ordering recactions in alloys have come principally from' x-ray
. | . (1,2)

diffraction and transuission electron microscopy techniques At

Berkeley we have 'been concerned with characterisation of short-rarige

- order and its relationship to the initial stages ofvthe transformation

by utilising electron diffraction and microscopy (for review, see

(3)

).

X~-ray analysis is a.powerful investigative method but one which

Das and Thomas

is generally limited to systems with a large difference in scattering

factors of the atomic species, for which the diffracted intensity
due to the ordered structure (viz. superlattice reflections) is

relatively high, and is limited to averaging information from millions

o

~of Qnit.cells. " In recent x-ray diffraction studieé, detaiied quan;ita; ;

tivg diffraction data have been analysed to yield the most probable.
atbmic.arranéements in the alloy(l)and, in thevcasé of C03Pt, such. a
greatmeﬁt_has been substantiated by direct observation of the dis;;i-
Butiqn of a#th'by field ion ﬁicroscopy(4). |
Eigctfon_microscopy ié potentially capablg of more direct and
wider applicatioﬁcz).‘.The 4ualitative cryétallographic information,
ﬁhicﬁ ﬁay bg oﬁtainedgrapidly in the diffractioh mode compared with |
x~ray data, is supplemehted with diréét observatiqh_of the micro-
structufé in the imaging mode at reSolutions down to ;108 (point to
pbint) or Zx'or bétter (fourier). Dark field micrégraphs taken with

the objective aperture positioned to allow only a superlattice

reflection to form the image are particularly impbrtant'in elucidating
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the shape, size and distribution of ordered reylons durin. the,disorder
to order transformation( ). Whilst such conventional modcs are |
extremely valuable in studying the overall transformation they are
still subject to several disadvantages for the thdy of tho.atomic
mechanisms in the reaction: |
(i) 1nterpretation of diffraction patterns is not. unambiguous
(e.g. 3, 5)
(ii) dark field microscopy does not yield_qoantitative
ainformation'concerning the local atomie»environment.
v(iii) hthe directhinterpretation of small bright areas oniaISUper-
»vlattiCerdark field micrograph as_indicatiye ofbregions of -
-highvdegree of_order'eomparedvto sUrrounding material
'isvnot necessarily,Valid(6).. | |
Uniquevdata onvshort range order and theuinitial stages of order-
ingiare’lacking for'many ordering reactions. In thelpresent studyibil
| advantage has been taken of the increased resolution (~ 2A) of modern
electron microscopes to establish how direct 1attice imaging may be -
able to provide the additional information not available from:
conventionalhtransmission’electron_microseopy. The*interpretation
of experimental images has been facilitated by comparison with images ‘
simulated from multibeam dynamical electron diffraction calculations
‘and the application of the technique is illustrated for the well-

3

characterise short-range order in this material.

"known alloy Cu Au. Specific attempts_have also been made to

<
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II. COMPUTATION OF LATTICE IMACES

3 .
There are scveral methods of calculating the change of amplitude

and phase Qf'an'elcctron passing through a é:ystal. The electron
wave function w(r) at the bottom surface may thus be found and used

. to predict the;appcarance of the image obtained by transmission

(7) (8)

-electron microscopy. In oxide systems and in biological materials

‘the "phase grating" approximation is often used, sometimes extended

(9,10). In simpler systems where fewer

to a multi-slice calculation
diffracted beams have to be included in the calculation the dynamical .
* ‘theory of electron diffraction is preferred with Bloch waves describ-
(11) |

ing the'diffracted'élect:On waves This lattef approach was used

in the present study.
The development of dynamical electron diffraction theory is
Lo (12-14) - SN .
described in full elsewhere . However, in order to establish
 the optimum Cdnditions for observing lattice images and to account
fully for their appearénce, the effect of several experimental’
- variables on Y(r) must be considered. In the electron microscope
phése shifts are introduced into different diffracted beéms by

(15)

aberrations of the objective lens and by defects of focus . These

can be includéé intb the standard theory by considering thevsituatioh
‘at the backafocal plane of the objective lens (i.e; the diffractioﬁ
vpattern). For‘simplification, the magnification is Assumed té be
unity and there:is assumed to be only one image and object plane |

| with no extension in the direction of fhe ele¢tron beam (z). In the

ba@k focal plane the ideal wave function'Wi- is given by the Foufier

d

‘transform of the wave function wid leaving the crystal.
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id(g ) = 2n | V. (8" exp-(2ﬂ1,§..£)d T (1)

wherelg' is a continuous variable in reciprocal space (5,,the standard

reciprocal lattice vector, may assume only discrete_values). Lens
aberrations are included by assuming they impose a phase shift
between different directions in reciprocal space, i.e. wid (g') is

modified by a phasc factor exp'(i X (ﬂ')),giving_the real'wavefunction

¥ (@' = ‘l’id(g.')} exp ‘(ix(g')) ' -, | @
with.x given hy (16) the expression
'x(g') =:2£ CSA3.g"," - 21rcc '%‘Ag 12 nRAg'z (3)

ihe first -part of this expression is the phase delay at.off-axis
beams (g'#O):Caosed by spherical aberration,ﬁthe_second part is that
due to chromatic aberration (mith'a_epread AK ofvthe anevector:K)
and the third'term is the imfluence of.defect of fochs, R. (Under-
focus, weakenlng of the obJective lens; corresponds to a positive
value for R.) 'Lens astigmatism may be neglected since it may be
corrected by the microscope operator and in practice the chromatic
aberration is small compared to the other two terms.

The real wavefunction wr in the image plane may now be obtained

‘by Fourier tranaforming again:

Vpe(© =/ ‘Pre.-(E)-_exP('Z"iﬁ"E)d:,.&'A I w

"and the ihtensity‘distribution of the resulting vave interference
pattern is given by:

re re

= Y ¢ 0



Disordered f.c.c: alloys ncar the composition Cu3Au form the

)

L1, structure (Fig. 1) on ordering below the critical tcmperature.

2

The superlacﬁiée reflections are the nonvf.c.é. feflectiong of the
diffraction pattefn and the periodicity of superlattice ‘planes is
twice that of the fundamental f.c.c. lattice. {100} planes have
the largest spacing (3.83) and were the ones studied in the present
investigatiop.

The imaging modes that were employed are shown in Fig. 2._‘The.
illuminatioﬁ was tilted so fhat the outermost réflectiéns of the
group were_symmetrical to thé'optical axié of the microscope and the
specimeﬁt orientation chosen so that only the desired [100] systematic
Tow was_stroﬁgly excited. The amplitudes of the chosen electron
beams are véry dependent on the influence of other“reflections cut
off by the objective aperture and the calculétions.have to take this
into account. Seveh beams along the systematic row were tﬁerefore
coﬁsidered.(unless othepwiSe sta;ed) cbrresponding to a distance
.ofvt3g.from‘the centre of the reciprbcal léttice secfion (in'Cu3Au
this distance is 0.75271).5 It is believed that for 100 kV electrons
this_approximation is adequate since higher order beams are too
remote from ;hé Ewald sphere td'haye'a signifiéaht influence on the
amplitudes of the (100) and (200) diffracted waves.

»Each imaging mode should give information concerning ordering,
but-thé mode shown in.Fig. Z(C) (termed 0-g-2g) wés:coﬁsidered to be

the most'importént since it siﬁultaneously yieldsvinfo:matioh not

only about thevsupperlattice (as in (0-g) and (g-0-g) imaging)

but also about the fundamental lattice ((O-Zg) imaging). The results

_of the calculations in this condition are presentéd in.more detail.
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Rather than presenting examples of each individual profile, a
convenient way of condensing information about)the details of the
fringe pattern is to define the visibility (V) of the lattice fringes
(Fig. 3)

Tp-Ig
IP‘+IB

V= IGR

When_tne'fringe.pattern is simple, with a clear maximum and

minimum, I, was taken as the minimum intensity and IP as the peak.

B

If a subsidiary weaker peak existed betweén the main superlattice

peaks, I_ was taken as the height of the subsidiary_peak for the

B T . .
purpose of defining the visibility of superlattice fringes; The

- profiles were also smoothed.from the raw calculated data by assunino
an ultimate spatial resolution of lA which appeared to be a realistic
estimate of the experimental resolution limit Judging from lattice ,
images obtained of the (200) planes of pure gold'(Z.OAA spac1ng).

The fringe patterns were found as inprevious‘studies, to‘depend

(9)

-on several factors e. g. the dagnitude of defocus, R ; the thickness

Qan,

of the foil,-z ; and the deviation from the Bragg condition,

38(7)°” An example of individual profiles illustrating the_effect.of
defocus on the fringe patternvis shown in'Fig; 4]for,a fully ordered

3

Cu.Au foil of thickness 2508. It can be seen that the.profile.
vdepends'strongly on R. | | |

The corresponding variation of visibility on R is shown in
VFig. 5. The minima have a separation of dzloo/l which follows
from equation 3, and the position of the first maximum is given by
‘the magnitude of the coefficient of spherical aberration, C . For the
Philips EM 301, the maximum superlattice fringe visibility is |

predicted to occur at 300& underfocus.



Tﬁe effect of spécimen_thi@kness on fringc,?isibility-was aléo
found to be periodic (Fig. 6). Inythe'(ofg—Zg) casg’a distinction
has to be made between visibility of (100) fringcs~(heavy line) and
the appearance‘of_any frinées at all. For instanLe'at a thickness
of 350& the visibility of‘(lOO) fringés is poor‘but the,cbntrast
of fundamental Iattice (200) friﬁges_(dashed liﬁe)-is quite strong.

A minimum of'V100 sgch as this arises when tﬁe_aﬁpiitude of the (100)
beam is:very small; A change of defocus R yields a change in the
relatiVe'pﬁases of the (100) and'Othef beams but doésvnot aiter

. their émplitudes;v.Thus, it is not possible to éompenéate for a
nonddealspecimen.ﬁhickness by focus changes usingbthe objective

lehs. The opfihum §pecimen thigkhesé fof observing sﬁperlatticé'
“fringés can;be_seen'to‘be 52502 for this imagihg mode.

Thé»iﬁportance of»néarly'perfect diffraction conditions for
;intense supefiattiée fringes must also be stressed. The fringe
visibility rapidly decréases with deviation from_thé.gﬁact Bragg
condition and for larger tilts the charaqter'of-thé fringes may ;iso'
l altér, from Supérlatticg to fundamental (e.g. Fig: 7).

.Inba completely disordered_élloy, the sg?erlétﬁice'Beaﬁ intensity
ié zeroxand.the fringe‘ spacing isvthat of the fundamental lattice
(1;92)‘indepeﬁdént of. the experimental variables coﬁsidéred aBove.

.Having establiéhed‘that, undér appropriate»éxper{méntal conditions,
a dié;inctibn may be made between thé lattice image of ordéred and  "

disordered Cu,Au it is important to examine how the nature of the

3

image;changés:in partially ordered samples. For a homogeneous specimen

in which the degree of order is identical throughout, the variation
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of visibility with degree of long'rnnge ordcr.(sflmay be'caIEulared by
multiplying by S those coefficicnts of the lattieo.porential.that have
values of g corresponding to superlatﬁicp reflections. ”Fig.-é shows
the result of these-calculations for foildthicknesses of ZSQX and 3003.
Thevformer is the specimen_thickness‘for optimum superlattiee fringe
visibility and it can be;seen that avmarked increése of V100 is |
predicted from complete disorder (in which fundamental lattice_fringes
of'equallinrensity exist) up to a valuevof.S~0.$.'.?ringe visibility
hardly inereases thereafter up ro.the fnlly.orderedecondition of
\S = 1. For constanr.eXperimental'conditions it would in principle:be
possible to ohtain a value of the local degree of long-range order by
measuring fringe.visibility, although in praerice suoh constant
conditions nould'be extrenely difficult to ohtain._b |
_vMany_naterials, including Cu3An, dofnot order'homogeneously_hut
frathervby a-mechanism of growrh ofihighly‘ordered domains.conSUming'
‘predominantly disordered material (e. g. Ref. 2). In'thiszsiruation.it
.is necessary to establish the contrast of such a highly ordered
domain in a disordered matrix. Our calculations show that the
appearance of the lattice fringes depended critically onvthe position
of the'domain withinvthe foil. Thus, Fig. 9 shows'the predieted
fringe profile for a disordered 3008 Cu3Au foil in which a fully :
ordered 50% domain (S = 1) exists, If the domain existed at the top
or bottom of the foil, the profile (Fig. 9a) would be hardly distin-
‘guishable from that of the disordered fcce matrixbnhich has equal
'intensitf (200) fringes. However, when the domain exists>near the

‘centre of the foil, the intensity of alternate fringes is markedly



different (Fig. 9b). The relative difference of’intensity between the

. ) :
fringes decreases with the degree of order of the domain and with

&istance of the domain from the foil centré.. If'the‘position of the
doamin in the foil were precisely l'nown Ehen the profile may be used
to estimafe the dégree of order'in‘the ordered region. |
Absorption has not been taken into account in this treatment, but
since the specimen tﬁicknesses used in the presént study were Ver}
Small, absorption_will‘not have a significént efféct. For example,
an estimate of its effect found by adding an imaginary partiof iUé/lQ._
to the lattice Potential(13) showed that whereas the absolu;e:valué
" of intensity drops.to one-half due to an aVerage absorption te?m
iUo/IO thé‘change invintensities of the individual bgams is only about
10%.

I1I. EXPERIMENTAL PROCEDURE

“Lattice fringe images were téken in a Philips EM 301 microécoﬁe-
fittéd with a high resolution stage. A magnifiéation at the finéi
séfeen of 450,000x was generally employed with the second condenser
lens slightlyidefocussed by an amount to double tﬁe exposure time
froﬁ the fully chussed condition ( a fﬁlly focﬁssed condensef4did
not generalij yield.latticé images). Exposure times:were_typicailj
16 or 32vseconds and a through—focusseries was néceésary to capture
the details of ZK fringe spacingg. |

Specimené wvere préﬁared in (OQl) orientation to the'desiredv
thickness by tﬁin-f11m:evaporation techniques. _Thé exéérimentél
' o, (18)
’

conditions were:similar to those described by Das et al. with

direct evaporation of appropyiate‘amounts‘of Cu and Au on to a heated
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rocksalt substratc. This technique is known not_to.maintain the
original stoichiomctry, but only small.deviations‘werc encountered when
the composition was checked by lattice parameter? measurements._ Tt
was not thought this would affect interpretation.cf the structural
data_obtainedfin this studv.b_At the optimum thickness for,lattice-
imaging of’these specimens (250-3003), the thin foils were found to
be in the "channel and hole" stage( 9). Although this made the foils
‘rather fragile, the holes were found to be entremely useful in aiding'
correction of‘astigmatism;' Heat treatments were,generally performed
prior‘to removal of the foilbfromrthe rocksaltJI

The objective lens defocus for optimum visibility of the fringesc
was found experimentally by observ1ng the coincidence at the. edge of
the specimen of the'transmitted'beam image (usually dark) and the,‘
diffracted.beam image (usually light). | For the tilted ‘(O-g—zg)' case,
" this occurs'at’apprOXimatelv-AOOO Z oVerfocusbfromrthe disapbearance
of the Fresnel fringe at the edge of the specimen (the usual criterion
for judging ‘best’ focus). The absolute value of defocus cannot beﬁ‘_-
determined in this tilted'condition. Although weak fringes were
obtained periodically throughout a. through—focus series, the optimum
condition was always_very well defined with sharp,.high visibility _
fringes.  The range of objective lens settings over which ‘these |

infocus images were obtained was about +70& Thus the sub51diary

visibility maxima have lower v151bilities than those predicted in Fig. 4.

This disadvantage 1is considered in more detailglater{
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IV, RESULTS
A. Fully Ordered CJBAu
1. Fringe Profilé

(lOO)ﬂfriﬁge images weré obtained 'in ordered specimens with
thickﬁess in the raﬁge ZSO—BOOX byvthé three imaging modes shown in
Fig; 2, Since alte;nate (200) planes-of.the le struct&re'contain
either all copper atoms or half copper-half gold atomé the image may
be likened to fhe imaging of one set of altgrnate (200) planes. This
is an iﬁportaﬁtvrésult when ﬁﬁe (000)+(100)+(200) beams are used to
form the image.and confirms the prediction of our calculations. ,Théﬁ'
relative intedsity of individual fringes was not as even as expected,
and no 'small half-spacing peaks were‘indicated eithe:ivisually orbby '
microdensitometef traces perpendiculér to the fringes-(Fig. 10) .-

In thicker specimens, the visibility of (lOO),ffinges was ‘poor,
b;t funﬂémental lattice fringes were not observedf Fﬁrthermoré; the
result of defocus from the optimum cohditich was to .cause blurring
and loss of the fringe péttetn rather'than introductidn of subsidiéry
.la;ticg fringes‘gs predicited by_Fig. 4(20). |
2, Observation of Lattice Defects

Tranéiational antiphase domain_bOundariés invCu3Aﬁ.lié
predominantly on {100} planeé and.have a misfit vector %<011><21).
Ihis brings the all copper atomic plane of one doﬁain.in contact with
thevmixed';opper—gbld plane in ;he adjacent domain. :In the (100)
;’latticé_imagé a shift of half a fringe spacing ié prodﬁééd oﬁ (100)
ffinges pérpendicular to ;hé boﬁndary. This phenomenoh is best
© 4llustrated by.viewing the print at an'obliqﬁe angle (~15°), as 1is

shown in'Fig. 11a. The fringe discontihuity,'as expected, runs
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appré*imately parallél to fhc (OlO)-blane, alth@ggh atoﬁic rogghnéssr
~5-10R is cvident (Fig. 11b). At certain placeé dnﬁthe boundary, -
fringe contfgét is iost completely. This is likelf to be cauéed-by
.abuttal of.oﬁe domain into Fhe other at some depfh in the specihcn,
so that ;hé_eléctron beam travels through both doméins in this region.
Since.the domains'aré in antiphase the.lattice fringe images-thén
mutually canéel. .It can also.bevappreciated'tha£ the 1attice‘imqgev
démonstrates-fhe yidth ofvthe boundary to be of ;hé.order'of'one:or

two atomic diameters -although conventional bright field images have

x.(22)

a width as great as 50 . Ho&ever, it is not pdésible to assess_,f
whether the.dégree of order_falls éff as tﬁe boundéty is_approaghed

as the sgperlattice fringg'visibility ié rather insenitive in‘thé

- range S = 0.5'% 1.0, althoughAthe absenqe of fundamental lattice
fringes indicates that S does not decrease below 0.5.

Fig.712 illustrates an example of the effect of a superdislocaﬁioﬁA
on the lattice image of qrdered Cu3Au. In the regioﬁs indicatéd‘asv,
C, normal.fringe‘continuity 1s present. At B the'fringes become
discontinuous,'Qith.the amouﬁt'of-éhift in;fe;sing tqwafds the centfe
of the disturbance. - At A the discontinuity is‘quai'to'half g'fringe
spaéing,-and ﬁhhs APB ﬁonﬁtaét is'demqnstfatéd. A BQfger's circuit
v aroundvthe dis;ﬁrbénce indicates‘an.extra (100) fringé in the‘bottom,'
half»of’the crysﬁai with respect to.the top. This.contrast is.: |
consistent with a pair qu§[110] fuﬁdaméntal»lattiée dislocatiéns
‘'separated by an antiphase boundéry, which are well-khowﬁ.as cbnsﬁituciné

(23). An apprbximéte value for

a superlatticé,dislocatidn in Cu3Au
the partial separation may be derived by counting lattice fringés -
between the centre of the fringe disturbances at ﬁ. TheAvalué obtained,

-1303, isvin Very:gbod agreement with thé’origiqalvdetermination of
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partdal‘separation for fully ordercd Cu3Au by cooventional transmission
clectrod microecopy(23). It is also intercsting:to7note thar the APB
again lies on the lowest energy (100) plane. During_slip the partial
dislocations trovél in pairs on the same {l}l} slip'plone to destroy
rﬁe APB created by the leadingrdislocotion. Hoocver; in this case
the partial dislocations must be present on different {111} slip planes
“in order to lower the total energy of the superlottice dislocation,
keerpreriously found for Cu3Au(24) and isostructural NiBAl(ZS)

It must be emphasized that lattice fringe distortions neap a
dielocation, rhe line of whioh lies at an angle to the imeging plane,
‘‘are know to.be rather complex(ll) and the interpreration of the fringe
pattern in»rerme of a one to one correspondence of fringesvand lattjce
planes in the specimen 'is generally nOr possiolelin euohbstruetores.
’This.is'the'caee for the regions indieated.at_B.where the fringe
patrern is changing; 'However, therather narrowwidth of these:regions,
the relatively larger area over which APB contrast is‘observed and
the agreement betweenconventional.and lattlce image values for the
'partial dislocation separation all indicate that in this special
circumstance the above interpretation may be valid. .If this is the
fcase,the torel information'concerning the dislocation obtained‘from _

the lattice image is superior to conventional bright field microscopy

and to the higher resolution dark field weak bcam and high order bright-

,field techm.ques(26 27)

B. Partially Ordered'Cu3Au
The microstructure of partially ordered Cu3Au, prepared by slowly

.cooling the evaporated foils through T > was determined by conventional
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superlattice .dark field microscopy to be one of small ordered dowmains
(~ZSK in diﬁméter) in a predominantly disordored‘md#rix(zg). Fiy,
13a shows the lattice image of this material, using the (O—g—ng
imaging mode, in which it is evident tha; two types of region may be
distinguished:

(i) the_Cpntin;ous-métrix”possesses,uniforﬁ intensity fringes

- with the spacing of the fundaﬁehtal latticé (i,QK).‘EA |

(ii) isdiéted regiﬁns in which alternate whiﬁé’fringes»a:e.widgr'
and narrowgf.,.THese possessvthe periodiciﬁy bf the sﬁperlattice ;nd'
thus are-interpreted as ordered domains existing near thé centre of
the foil. | |

On the»originai plate the fringe pattgrn.in fhésé domains was
composed of alternately stronger and weaker lines and this is

(29 4

ilqutrated more clearly in a positive print of the plate
microdénsi;ometer'tréce across the domains also clearly reveqlé the
alternately sf?onger and weaker fringesu(Fig. 13b) . |

- This‘result'is in excellent agreement with Ehe'computed_prbfilevx
of.én Qrdefed domain in a disordered matrix (Fig. 9). Although |

precise information about the position of the domain within the foil

~1is necessary‘before'é local degfée of order can be found for the

doméih, it is evident from the fringes that the matfix is predominantly'

disordered, with § < 0.4, and that the lééal order in‘fhe shall domain
is significantly ﬁigher. h

- Tﬂe effect of small changes in objective lens'cgrrent-(i.e. focus)
has é marked effect»bn the image. With.a slightly underfocusséq‘

setting, even intensity fringes of the fundamedtal lattice are



-15-

obtained(zg)'withvno indication of the presence of-;he ordercd domains.
At slight overfocus from the above "simultaneous image'" the (200)
fringes of the disordered matrix become blurred and are no longer
resolved, whilst in the ordered domains only (100) Fringes are sgcn(zg).
The domainsvnog standvout more cleariy against avblurred background.
This contrast may be utilizgd to indicate the preéence éf regions
in the matefi#l'with a significantly higher degree‘of.order than the
sqrpqunding material. In this way it has been shown that small
"migrodomainé"'of high local order (~153)‘are'presént in queﬁched
Cu3Au; accounting fqr the weak diffﬁse scattering at superlattice
positidﬁs in_thebdifffaction patterns(zs).
It may also be noted that the relative phase of adjacent

domains remaihs unaltered by chaﬁges of focus. Thus the distribution
of doméins in antiphase with their neighbours may be inyéstigated by
this technique. .It has been shown thatva distribution of antiphéée
domain groups can account for the observed superlattice spot spllttlng
found in: diffraction patterns of Cu3Au 1n the early stages of
ordering(za).

.‘The lattice imaging techniqué also demonstrated that even in the
eariy stages of brdefing some of the smali ordered domaiﬁs:alreédy pdéseSS
an anti-phase boundary, as illustrated in Fig. 13a. _Alchéﬁgh it.i§
possible that such contrast ariseé from a fortuitous oveflappiﬁg of domains,
the good fit and similar fringe visibility found in su¢h'ca§es between tﬁe
two pbrtiohé of.the domain'indicaﬁe that they do in faét belong together..

“Since it is likely that these are produced by coalescence of adjacent

domains which were formed initially in antiphase, this result.again
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émphasises the role of cooperative antiphdsc domain phcndmcnavin ﬁhe'
early stages of oruering in this alloy system:‘.

A compérison of the conventional superlattice dark field .
micrograph and'the corresponding lattice image is.éhoﬁh in Fig.rlé."
E The number of ordered domains indicateabiﬁ thé iatticc_image is |
'considgrably.less fhan the number of.bright areas on'thé dark'fiela
micrograph,'as expected by the calculatiohs;shown ip_Fig. 9, >A dirécﬁ

correlationjéf-the two iﬁageé'in'terms of shape_;hd éositioning~of |
;the_domainé is not'alwéys found. For.insténée atwpbsitioqs marked
A in Fig. 14,:the_domains revealed‘by the_lattiée image COrrelate 
well with bright-fggioﬂS,in the superléttice dark,field.image;”.At B,
the doméiﬁs in.the lattice_image'shbw weak‘contrastvcompared with |
the dark f;eld,_whilst af C the lattice image coﬁﬁrast is predomi-
nantly that 6f”fundamenta1 fringeé-althOugh‘bright regions are quite .
clear'on thé_d;rk'field. Since domains locatéd at various depths |
in the fqil and having varying degrees of order all éonﬁribute tbbthe
) dark fiéld.image it is cbnsistent_with our.calpulétiqns.that'some‘
| ordered domains indicatedvin;the dark fieldvére miésing from thé
lattice iﬁége. Furthermore, spurious bright spot imagcs asldescribed'rl
by prley(6)‘§ili_also be part of the céntributioﬁ té the dark field

image'and will not be revealed as ordered domains byilattice imaging;-

V. DISCﬁSSION
The expetimental lattice imagés'of ordered.aﬁd7disprdefed CuBAu
have been found to correlaﬁe well with the profiles calcﬁlated from
dynamical eleétron diffraétion theory. Thﬁs, in the ordefed ailoy,

superlattice fringes are obtained under appropriate conditions using
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A

(O-g—2g)’imaging beams, with a variation of fringe visibility with
degreé of ordér{ and in:partially ordered alloys fhe ﬁrofile of
predominantly ordered or disordered mdteridlhcan Ee_distinguished;
These have beeﬁ utilized in studying lattice defecis and ordering
in.Cg3Au:and tﬁé‘interpretation Qf experiméntai resuits has beeh‘fully
justified byfcémparisoﬁ‘with the theoretical calculations;

Apart ffom the assumptions iﬁvolved in the dynamical theory, two
.furthér factdis have not been taken iﬁto account in’ghe present study.
.Firstiy; it.has been assumed fhroughout that oﬁly one amplitude ¥ (g)
exists‘ét.thé reéiprocal coordiﬁéte!&' = g} Hoﬁever; for ﬁhé diffuse .
vinteﬁsity whiéh exists 5t super1attice»poSitions in disordered and |
partially ordered specimens, a function Y(g') would Be'more> |
appropriate, altering the inflpedcé of the superlagtice beams on the
resultihg.iﬁége. -

SecOndly, the incident eiectron beam has been aséuméd to be a
_pléne w#ve. In.practice, a nearly fully focuséedvsecond’¢ondenset
lens was used to.minimize ﬁhe exposure time. The ?esﬁitant beam
divergen;e intfoduces a spatial incoherence into thé'béam th#h caﬁ
be accémﬁodéted‘py using wavé_ve;térs_g wiﬁh diffefen; directions,
but'the,éame @agnitudé(16)‘(1.¢..a’sphericgl wave). Ihus,iéhe |
microscope aBerratidns considered in the theory are not sufficiénc
and this could eXpiain some experimehtal observatipng.on the optimum
conditiéhs fbr fringé visibility: | |

(1) fringe images wefeunot successfully obtaihed at.haximum
IBeam‘divergence'(i.e.\fully fpcuésed second éondensér_lehs);

(ii) ,the.fringe visibility at subsidiéry defocus ﬁaXima (Fig. 4)

was'considétab1y 1ower than at the optimum defocus condition.
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However, these disadvantagcs affect oﬁly minor‘points céndorning
comparison of c#periments and theory,and'do not.invalidate the ;ajor‘
results that have been found.

The expérimental'lattiée imagers of ordﬁrcd Cu3Au have illustrated
that the fully ordered lattice is coﬁtinuqus'to within<dne or two
atomic diameters‘éf the boundary. .Hﬁwever, ﬁhe boﬁﬁdary itsglf is-.
not perfectly sﬁdoth.bht small protrusions from a_(lOO)_élang are
present.v Theiseﬁaratiqn of paired,dislocations has\élsb béen féun&
to be in éxceliéht agreement WithAthat'préviously-déﬁérmingd.and.the'
lattice imggerhas fﬁrther demonstrated that‘thevpargialsv afe sepératéd
By an antiphase boundary on é (100) plane. |

Ih‘partiall§ oxrdered alloys, thé.characteristics qf'the 1;ttice
_ image depend on the objective iensvsetting{'thevdegréé of érder.and,
for an ordered domain é#isting in a predominantly diso:defed méﬁfix;.
- the position of‘the'domain in the foil. Since the_optimum conditions
may-bé obtéined f:om.a through-focal series and the position by stero
-aﬁaiysisvof the éuperlattice dark field,.the'localxdeg:ee of order.in
a sma1l'fegion may be obtained. Tﬁus the developﬁent:of orde; whether
by.growth of imperfectly'ordérea or ﬁighly ordered domains may Se )
.éﬁuaieé directly by this technique. It.is cap#ble,.;ﬁerefore,'qf
providing valgéble information dn an extremeiy fine scale in a.
relatively straightforward manﬁef and in a form readily acéessible to
interpretation. | ‘

Resﬁlts preéented:elsewhere(zs) have demoﬁstraCed:how"the technidue
;hés.beeﬁ u;ilizedlt§ yieldainformation on the.role'of éntiphase domain -

groups in the early stages of ordering of CujAu, wi;h the first direé;
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evidence that'the splltting of.supcrlntticc feflections in partially
orderod Cu3Au arises from domains cxisting in'antipnase with one
another. The supcrising result that APBs cxist in the very early stages
of ordering has further becn confirmed in the prescnt.paper'and it is
.possible‘that they occur in order to accommodate extra wrong-site
atoms'inxunrstoiChiometric alloysvus indicated by the x;ray.diffraction

work of Schwartz and Cohen(3,). Experiments on bulk alloy specimens

of known'composition are in progress to clarify this suggestion.

(28)

Finally, it has also bcen demonstrated elsewhete that the

brlght regions which appear in supcrlattice dark field micrographs

of disordered CuBAu correlate well in size and distrlbution with
ordered domains tevealed'by the lattice image techniquet Sincefthe
1nterpretatiOnlof such high—resolution dark field microéraphs has
recently been shown to be motercomplex than originall& thought(e),_it
1svapparent that high resolution‘lattice imaging is'necessary for a
complete structural characterisatlon of short-range order and partial
long-range order in alloys. Furthermore, these new results are.in
'excellentaagreement with the computef simulated model_of short range
| (31)

order in Cu3Au-derived from diffuse x-ray scattering_data

VI. CONCLUSIONS

1. Experimental and computed lattlce images of ordered and partially
ordered Cu3Au have been shown to be in excellent agreement. |
2.p Information'concerning the"mecnanism”of ordering'and‘details of
lattice‘defects in ordered alloys may be obtained by the lattice
1maging technique. | |

3. Antiphase boundaries in Cu3Au on {100} planes contain small 5- lOKl

protrusions.
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4. The equiiibrium c?nfiguration of ‘superdisldcqtipﬁs in ordered

Cu3Au is indicaged to be two 2[110]/fundamental‘iaﬁtiée dislocétidns
separated by a {100} antiﬁhase boundary. . Information.concgrhing the
dislocations may, in certain circumstances, be Supefidr to conveﬁtiohal
imaging te;hﬁiques.

5. Antiphase'boundafies exist in the very early stégeS‘of ordering ‘

. in Cu3Au. | | | |

6. 'Local'hetefogeneitigs in degree of order may be studied by 1éttic¢ Q
~imaging. Thus, the preééncé.of highly ordered dOmaiﬁs in the pre-
dominantly disofdeied matrix during ordering of CusAu has begn cOnfirm-. '
ed by the technique and the existence of smail micfodomaihs has‘been
indicated in tﬁe'short range ordered state queﬁched-from above the
critical ;emﬁeratﬁre. ‘: |
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FIGURY CAPTIONS

1. Thc'le'structure of ordered Cu3Au.
2. The imaging modes employed to study superlattice fringes in

Cu3Au._ The deviation from the exact Bragg conditionm, s, is indicated

for the imaging beams.
3. Definition of fringe visibility, V.

4. The fringe profile of a fully ordered Cu3Au-foil of thickness

.ZSOR using the (0-g-2g) imaging mode: (a) with objective_lens

overfocus 300&; (b) with objective lens overfocus 5008. The nature

" of the fringe pattern changes from Superlatticeyin (a),to’fundamental

in (b). |

5. The denendence»of'the'visibility.of (100) snperlattice fringes
with defocus for an ordered CujAu foil of thickness 2503.

6. The effect of specimen thickness on (100)_fringe visibility‘

of Ordered»Cu3Au, at the optimum defocus condition for the three

imaging modes shown in Figure 2. The dashed iine illnstrates'the

.overall'fringe visibility for the (0-g-2g) imaging mode.

Fig. 7. The effect of large deviation from the exact'Bragg condition

‘Fig.

Fig.

a° tilt) on the optimum superlattice fringes (shown in (a))
obtained in the (O—g—Zg) imaging mode._ The new orientation (b)

. 1s near the’ exact Bragg condition for the (600) reflection.

8. The variation of superlattice fringe visibilitx (O-g—Zg) 1maging;
with Bragg—Williams 1ong-range order parameter (S) at specimen
thicknesses 250% and 300 A.

9. The fringe profile of a 508 ordered domain (S—l) in a dis-

\

ordered matrix (S=0), (O-g 2g) imaging at optimum focussing con-' :

ditions and foil thickness 300§ (a) when the domain is at the

top or bottom of the foil; (b) when the domain is at the centre

of the foil.
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10. Microden.itometer trace (i.e. fringe profile) of the (100) - .

superlattice fringes of ordered Cu3Au ob;ainod_by'thc.(o—g—Zg)
imaging mode. '
11. The lattice image of a ;rdnslational antiphase domain Boundary

(APB) in ordered CuqAu: (a) viewed at an cblique angle; -

(b) detailed, normal view near fhe APB showing‘smail protruéions‘

from a (100 plane.

12. The‘lattice imageVof a superdislqcation in}brdefed Cq34§. ‘The
antiphase boundary (at C) separating‘the'fundaméntal lattice dis-.
locatibns'(at‘Bi is clearly revealed. |

13. - (a) Lattice image of partially ordered Cu3An showing the

alternately stronger and weaker fringes in a highly ordered domain

in a disordered matrix. An antiphase boundary is indicated at

the centre of the ordered domain.

- (b) Fringe profile across such an.prdered domain in partially

ordéred Cu3Au. The'hlternately'stronger and'wéaker fringes in

the domaiﬂ are-quité clear.

Fig.

14, A comparisdn of the lattice image (a)-and.superlattice

dark field:image (b) of.partiélly ordered Cu3Aﬁ."Bright‘fegionS'f

in the dark field micrograph correlate well with ordered domains
indicated in the lattice image at A-,'correlate partially at B and
show poor'correlation at C. The corresponding diffraction: pattern

is shown in (c).
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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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