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ANALYSIS OF 01U1ERD:c: JN Cu
3

Au UTILI7.UlC 

LATTICE IMAGING TECLINIQUES 

* R. Sinclair, K. Schneider ·and G. Thomas 

Department of Materials Science a •• d Engineering, College of En.gineering 
and Inorganic Haterials Research Division, Lawrence Bed~cley Laboratory, 

Univ~rsity of California, Berkeley, California 

ABSTRACT 

The resolution of lattice fringes in ordered and partially ordered 

cu
3

Au has been calculated using the dynamical theory of electron 

diffraction, tak~ng into consideration the effects of such variables 

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

order and, for partially ordered alloys, the position of small ordered 

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

in excellent agreement with these calculations •. Lattice defects in 

ordered cu
3

Au have been studied using this technique. Thus, the domain 

wall thickness at translational antiphase domain boundaries has been 

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

sepa.rating the pair of fundamental lattic.e dislocations which constitu.te 

a superdislocation has been revealed. A clear distinction exists 

between the lattice image contrast of predominantly ordered and 

disordered regions and this has _been utilized.to study partial 

long-range order and short-range order. Short-range order in this 

system is characterised by a dispersion of small highly ordered domains, 

-151 in diameter, in a predominantly disordered matrix. 

*Brown, Boveri and Cie A.G.,·D-6800 Mannheim 1, W. Germany 
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INTRODTJCTlON 

Significant contributions to the understandi~g of the mechanisms 

of ordering reactions in alloys have com~ principally fro~x-ray 

diff . . d ' . 1 . 1 . (l' Z) A ract1on an trans~~ss1on e ectron m1croscopy tec1n1ques • t 

Berkeley we have·been ~oncerned' with characterisat~on of short-range 

order and its relationship to the initial stages of the transformation 

by utilising electron diffraction and microscopy (for .review, see 

Das and Thomas())). 

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

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 teflections) is 

relatively high, and ,is limited to averaging information from millions 

of unit cells. In recent x-ray diffraction studies, detailed quantita-

tive diffraction data have been analysed to yield the most probable 

atomic arrangements in the alloy(l)and, in the case of co
3
Pt, such a 

treatment has been substantiated by direct observation of the distri­

bution of atoms by field ion microscopy(4). 

Electron microscopy is potentially capable of more direct and 

wider application (2). The qualitative crystallographic ·information, 

which may be obtained rapidly irt the diffraction mode compared with 

x .... ray data, is supplemented with direct observation of the micro-

structure in the imaging mode at resolutions down to -10! (point to 

0 
point) or 2A or better (fourier). Dark field micrographs taken with 

the objective aperture positioned to allow only a superlattice 

reflection to form the image are particularly important in elucidating 
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' the sh3pe, size and distr~bulion of orJered regions dt1ring the .disorder 

to order transformation(3). Whilst such conventional modes .:~re 

extremely valuable in studying the overall transformation tl10y are 

still subject to several disadvantages for tl1e study of th~ atomic 

mechanisms in the reaction: 

(i) interpretat~on of diffraction patterns is not unambiguous 

(e. g. 3, 5) 

(ii) dark field microscopy does not yield quantitative 

·information concerning the local atomic environment 

(iii) the direct interpretation of small bright areas on a super-

lattice dark field micrograph as indicative of regions of 

high degree of order compared to surrounding material 

is not necessarily yalid<6>. 

Unique data on short range order and the initial stages of order-

ing are lacking for many ordering reactions. In the present study; 

advantage has been taken of the increased resolution (-2A) of modern 

electron microscopes to establish how direct lattice imaging may be · 

able to provide the additional information not available from 

conventional transmission electron microscopy. The interpretation 

of experimental images has been facilitated by comparison with images 

simulated from multibeam dynamical e~ectron diffraction calculations 

and the application of the technique is illustrated for the well-

known alloy cu3Au. Specific attempts have also been made to 

characterise short-range order in this material. 
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II. COHPUTATION OF LATTICE IHAGES 

There are severn! methods of calculating the change of amplitude 

and phase of an electron passing through a crystal. The electron 

wave function ~(r) nt the bottom SLrface may thus be found and used 

to predict the,appcarance of th~ image obtained by transmission 

· electron microscopy. I • d ( 7) d . b . 1 . 1 . 1 (B) n ox1 e systems an 1n 10 og1ca n~ter1a s 

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

t,o a multi-slice ca1culation(9 •10). In simpler systems where fewer 

diffracted beams have to be included in the calculation the dynamical 

theory of electrori diffraction is preferred with Bloch waves describ­

ing the diffr~cted electrdn waves(ll). Thfs latter approach was used 

i~ the present study. 

The development of dynamical electron diffraction theory is 

described in full elsewhere(ll-!4). However, in order to establish 

the optimum conditions for observing lattice images and to account 

fully for their appearance, the effect of several experimental 

variables on ~(r) must be considered. In the electron microscope 

phase shifts are introduced into different diffracted beams by 

aberrations of the objective lens and by defects of focus(lS). These 

can be included into the standard theory by considering the situation 

at the back focal plane of the objective lens (i.e. the diffraction 

pattern). For simplification, the magnification is assumed to be 

unity and there is assumed to be only one image and object plane 

with no extension in the direction of the electron beam (!_).· In the 

back focal plane the ideal wave function 'l'.d is given by the Fourier 
l. . 

transform of the wave function wid leaving the crystal. 
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(1) 

where ~· is a continuous variable in reciprocal space (g, the standard 

reciprocal lattice vector, may assume only discrete values). Lens 

aberrations are included by assu~Lng they impose a phase shift 

between different directions in reciprocal spac·e, i.e. '¥id (z.') is 

modified by a phase factor exp (i X (g_')) giving the real wavefunction 

'¥ re (_g_' ) = '¥ id (s_' ) exp ( iX (g')) 

with X given by (l6) the expression 

(2) 

(3) 

The first part of this expression is the phase delay at off-axis 

beams (g' ;'O) caused by spherical aber·ration, the second part is that 

due to chromatic aberration (with a spread .1K of the wavevector K) 

and the third term is the influence of defect of focus, R. (Under-

focus, weakening 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 p·ractice the chromatic 

aberration is small co~pared to the other two terms. 

The real wavefunction $ in the image plane may now be obtained . re 

by Fourier transforming again: 

W (r) ""1· '¥ (o' )exp(-2'1Tio' .r)d3o• re - re -A :g, - -A 
(4) 

·and the intensity distribution of the resulting wa••e interference 

pattern is given by: 

(5) 

y : 
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Disordered f.c.c, al~oys ncar the composition Cu
3

Au form the 
I 

Ll 2 structure (Fig. 1) on ordering below the critical t~mperature. 

The superlat tice reflections are the non..-f. c. c. reflection.s of the 

diffraction pattern and the period5city of superlattice planes is 

t~ice t6at of the fundamental f.c.c. lattice. {100} planes have 

the largest spacing (3.8X) and were the ones studied in the present 

investigation. 

The imaging modes that were em?loyed are shown in Fig. 2. The 

illumination was tilted so that the outermost reflections of the 

group were symmetrical to the optical axis of the microscope and the 

speciment orientation chosen so that only the desired [100] systematic 

row was strongly excited. The amplitudes of the ch'osen electron 

beams are very dependent on t~e influence of other reflections cut 

off·by the objective aperture and the calculations have to take this 

into account. Seven beams along the systematic row were therefore 

corisidered (unless otherwise stated) corresponding to a distance 

of ±3g from the centre of the reciprocal lattice section (in cu
3

Au 
o_l 

this distance is 0.75A ). It is believed that for 100 kV electrons 

this approximation is adequate since higher order beams are too 

remote from the Ewald sphere to have a significant influence on the 

amplitudes of the (100) and (200) diffracted waves. 

Each imaging mode should give information concerning ordering, 

but the mode shown in Fig. 2(c) (termed 0-g-2g) was considered to be 

the most important since it simultaneously yields information not 

only about the supperlattice (as in (0-g) and (g-0-g) imaging) 

but also about the fundamental lattice { (0-2g) imaging). The results 

of the calculations in this condition arc presented in more detail. 
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Rather than presenting examples of each individual profile, <~ 

convenient ~ay of L~ndensing information about.the details of tl10 

fringe pattern is to define the visibility' (V) of the lattice frjn~cs 

(Fig. 3) 

When the fringe .pattern is simple, with a clear maximum and 

minimum, IB was taken as the minimum intensity and Ip as the peak. 

If a subsidi~ry weaker peak existed betwe~n the main superlattice 

peaks, IB was taken as the height of the subsidiary peak for the 

purpose of defining the visibility of superlattice fringes. The 
/ 

profiles were also smoothed from the raw calculated data by assuming 

0 

an ultimate spatial resolution of !A, which appeared to be a realistic 

estimate of the experimental resolution limit judging from lattice 

0 
images obtained of the (200) planes of pure gold (2.04A spacing). 

The fringe patterns were found, as in previous studies, to depend 

on several factors e.g. the ukgnitude of defocus, R(
9
); the thickness 

(17) 
of the foil, z · ; and the deviation from the Bragg condition, 

(7) sg • An example of individual profiles illustrating the effect of 

defocus on the fringe pattern is shown in Fig. 4 fora fully ordered 

Cu3Au foil of thickness 2501. It can be seen that the profile 

depends strongly on R. 

The corresponding variation of visibility on R is shown in 

Fig. 5. 
2 . 

The minima have a separation of d 100/A, ~hich 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 s 

Philips EM 301, the maximum superlattice fringe visibility is 

predicted to occur'at 3001 underfocus. 
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The effect of specimen thickness on frinec vtsibility was also 
;, 

found to be periodic (Fig. 6). In the (O~g-2g) case a distinction 

has to be made between visibility of (100) fringes (heavy line) and 

the appearance of any fringes at all. For instan<.l:! at a thickne~s 

of 3501 the visibility of (100) fringes i~ poor .but the contrast 

of fundamental lattice (200) fringes (dashed line) is quite strong. 

A minimum of v
100 

such as this arises when the amplitude of the (100) 

beam is. Yery small. A change of defocus R yields a change in the 

relative phases of the (100) and other b.eams but does not alter 

their amplitudes. Thus, it is not possible to compensate for a 

non-ide~l specimen thickness by focus changes using the objective 

lens. The optimum specimen thickness for observing superlattice 

. 0 

fringes can be seen to .be -250A for this imaging mode. 

The importance of nearly perfect diffraction·conditions for 

intense superlattice fringes must also be stressed. The fringe 

visibility rapidly decreases with deviation from the exact Bragg 

condition and for larger tilts the charac_ter of the fringes may also 

alter, from superlattice to fundamental (e.g. Fig. 7). 

In a completely disordered alloy, the superlattice beam intensity 

is zero and the fringe spacing is that of the fundamental lattice 

(1. 91) independent of the experimental variables considered above. 

Having established that, under appropriate experimental conditions,· 
\ 

a distinction may be made between the lattice image of ordered and 

disordered cu
3

Au it is important to examine how the nature of the 

image changes 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 de~req of long range order .(S) may be cal~ulnted by 

multiplying by S those coefficients of the lattice potential that have 

values of _g_ corresponding to superlattic.c reflections. Fig. 8 shows 
• 

0 0 
the result of these calculations for foil thicknesses of 250A and 300A. 

The former is the specimen thickness for optimum superlattice fringe 

visibility arid it 6an be· seen that a marked increase of v100 is 

predicted from complete disorder (in which fundamental lattice fringes 

of equal intensity exist) up to a value of S-0.5. Fringe visibility 

hardly increases thereafter up to.the fully ordered condition of 

S = 1. For constant experimental conditions it would in principle be 

possible to obtain a value of the local degree of long-range order by 

measuring fringe visibility, although in practice such constant 

conditions would be extremely difficult to obtain. 

. Many materials, including Cu3Au, do not order homogeneously but 

rather by a mechanism of growth of highly ,ordered domains consuming 

predominantly disordered material (e.g. Ref. 2). In this situation 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 on the position 

of the domain within the foil. Thus, Fig. 9 shows the predicted 

fringe profile for a disordered 3001 Cu
3

Au foil iri which a fully 

ordered soX 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 fcc matrix which has equal 

intensity (200) fringes. However, when the domain exists near the 

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

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

fringes decreases with the degree of order of the domain and with 

distance of the domain from the foil centre. If the position of the 

doamin in the foil were precisely I·.nown thPn the profile may be used 

to estimate the degree of order in the ordered region. 

Absorption has not been taken into account in this treatment, but 

since the specimen thicknesses used in the present study were very 

sinal!, absorption will not have a significant effect. For example, 

an estimate of its ~ffect found by adding an imaginary part of iU /10 
g 

to the lattice potential(!)) showed that whereas the absolute value 

of intensity drops to one half due to an average absorption term 

iU /10 the change in intensities of the individual beams is only about 
0 

10%. 

III. EXPERIMENTAL PROCEDURE 

Lattice fringe images were taken in a Philips EM 301 microscope 

fitted with a high resolution stage. A magnification at the final 

screen of 450,000x was generally employed with the second condenser 

lens slightly defocussed by an amount to double the exposure time 

from the fully focussed condition ( a fully focussed condenser did 

not generally yield lattice images). Exposure times were typically 

16 or 32 seconds and a through-focusseries was necessary to capture 
0 

the details of 2A fringe spacings. 

Specimens were prepared in (0~1) orientation to the desired 

thickness by thin film evaporation techniques. The experimental 

conditions were• similar to those described, by Das et al. (lS), with 

direct evaporation of appropriate amounts of Cu and Au on to a heated 
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rocksalt substrate. This technique is known not to maintain the 
I 

original stoichiometry, but only small deviations were encountered wh~n 

the composition was checked by lattice parameter measurements. It 

was not thought this would affect interpretation ~= the structural 

data obtained iri this study. At the optimum thickness for latti~e 

0 . 

imaging of these specimens (250-300A), the thin foils were found to 

be in the "channel and hole" stage(l9). Although this made the foils 

rathe.r fragile, the holes ·were found to be .extremely useful in aiding 

correction of astigmatism. Heat treatments were generally performed 

prior to removal of the foil from the rocksalt. 

The objective lens defocus for optimum visibility of the fringes 

was found experimentally by observing 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 (0-g-2g) case, 
0 

this occurs at approximately 4000 A overfocus from the disappearance 

of the Fresnel fringe.at the edge of the specimen (the usual criterion 

for judging best focus). The absolute value of defocus cannot be 

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 ±701. Thus the subsidiary 

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

This disadvantage is considered in more detail later. 
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IV. RESULTS 

A. Fully Ordered C~3Au 

1. Fringe Profile 

(100) fringe images were obtained 'in ordeted specimens with 

0 

thickness iri. the range 250-JOOA by the three imaging modes shown in 

Fig. 2. Since alternate (200) planes of the 112 structure contain 

either all copper atoms or half ~opper-half gold atoms the image may 

be likened ~o the imaging of one set of alternate (200) planes. This 

is an importarit result when the (000)+(100)+(200) beams are used to 

form the image and confirms the prediction of our calculations .. The 
. 

relative inten~ity of individual fringes was not as even as expected, 

and no small half-spacing peaks were indicated either visually or by 

microdensitometer traces perpendicular to the fringes (Fig. 10). 

In thicker specimens, the visibility of (100) .fringes was ·poor, 

but fundamental lattice fringes were not observed. Furthermore, the 

result of defocus from the optimum condition was to cause blurring 

and loss of the fringe pattern rather than introduction of subsidiary 

lattice fringes as pred~cited by Fig. 4(
20>. 

2. Observation of Lattice Defects 

Translational antiphase domain boundaries in Cu3Au lie 

predominantly on {100} planes and have a (21) 
a misfit vector ~011> • 

This brings the all copper atomic plane of one domain in contact with 

the mixed copper-gold plane in the adjacent domain. In the (100) 

lattice image a shift of half a fringe spacing is produced on (100) 

fringes perpendicular to the boundary. This phenomenon is best 

illustrated by viewing the print at an oblique angle (-15°), as is 

shown in Fig. lla. The fringe discontinuity, as expected, runs 



-12-

approximately parallel to the (010) plane, alth9ugh atomic roughness 

-5-lOX is evident (Fig. llb). At certain places on the boundary, 

fringe contrast is lost completely. This is likely to be caused by 

.abuttal of one domain into the other at some depth in the specimen, 

so that the electron beam travels through both domains in this region. 

Since the domains are in antiphase the lattice fringe images then 

mutually cancel. It can also be appreciated that the lattice· image 

demonstrates the width of the boundary to be of the order of one or . 
two atomic diameters although conventional bright field images have 

a width as great as soX(22 >. Howevet, it is not possible to assess 

whether the degree of order falls off as the boundary is approache~ 

as the superlattice fringe visibility is rather insenitive in the 

range S = 0.5 - 1.0, although the absence of fundamental lattice 

fringes indicates that S does not decrease below 0.5. 

Fig. 12 illustrates an example of the effect of a superdislocation 

on the lattice image of ordered Cu
3
Au. In. the regions indicated as 

C, normal fringe continuity is present. At B the fringes become 

discontinuous, with the amount of shift increasing towards the centre 

of the disturbance. At A the discontinuity is equal to half a fringe 

spacing, and thus APB contrast is demonstrated. A Burger's circuit 

around the disturbance indicates an .extra (100) fringe in the bottom. 

half of the crystal with respect to the top. This contrast is 

consistent with a pair of i"CllO] fundamental lattice dislocations 

separated by an antiphase boundary, which are well-known as constituting 

a superlattice dislocation in cu
3
Au(23 >. An approximate value for 

the partial separation may be derived by counting !attic~ fringes 

between the centre of the fringe disturbances at B. The value obtained, 
: .. 

1301, is in very .good agreement with the original determination of 

,. 
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partial scparatiort for full.y ordered Cu
3

Au by conventional transmission 

'(23) 
electron microscopy . It is also interesting td note that the APB 

again lies on the lowest energy (100) plane.. During slip the partial 

dislocations travel in pairs on tre same {1~1} slip plane to destroy 

the APB created by the leading ?islocation. However, in this case 

the partial dislocations must be present on different {111} slip planes 

in order to lower the total energy of the superlattice dislocation, 

as previously found for Cu
3
Au(24 ) and isostructural Ni

3
Al (ZS). 

It must be emphasized that lattice fringe distortions near a 

dislocation, the line of which lies at an angle to the imaging plane, 

are know to be rather complex(ll) and the interpretation of the fringe 

pattern in terms of a one to one correspondence of fringes and lattice 

planes in the specimen is generally not possible in such structures. 

This is the case for the regions indicated at B where the fringe 

patterrt is changing. However, the rather narrow width of these regions, 

the relatively larger area over which APB contrast is observed and 

the agreement between conventional and lattice image values for the 

partial dislocation separation all indicate that in this special 

circumstance the above interpretation may be valid. If this is the 

case,the total information concerning the dislocation obtained from 

the lattice image is superior to conventional bright field microscopy 

and to the higher resolution dark field weak beam and high order bright 

. field techniques(26 • 27>. 
B. Partially Ordered Cu

3
Au 

The microstructure of partially ordered Cu
3
Au, J>repared by slowly 

cooling the evaporated foils through T , was determined by conventional c . 



superlatticc dark field microscopy to be one of small ordered dom~ius 

0 . • (28) 
(-25A in diameter) ln a predominantly disordered maLr1x . Fl~, 

13a shows the lattice image of this material, using the (O-g-2g) 

imaging mode, in which it is evident that two types of region may he 

distinguished: 

(i) the continuous m~trix possesses uniform intensity fringes 

with the spacing of the fundamental lattice (1~9!). 

(ii) isolated regions in which alternate white fringes arc. ~.'ider · 

and narrower. -These possess the periodicity of the superl.:~ttice and 

thus are interpreted as ordered domains existing near the centre of 

the foil. 

On the -original plate the fringe pattern in these domains was 

composed of alternately stronger and weaker lines and this is 

(29) illustrated more clearly in a positive print of the plate . A 

mi.crodensitometer trace across the domains also clearly reveals the 

alternately stronger and weaker fringes (Fig. 13b). 

This result is in excellent agreement with the computed profile 

of an ordered domain in a disordered matrix (Fig. 9). Although 

precise information about the position of the domain within the foil 

is necessary before a local degree of order can be found for the 

domain, it is evident from the fringes that the matrix is predominantly 

disordered, with S < 0.4, and that the local order in the small domain 

is significantly higher. 

The effect of small changes in objective lens current (i.e. focus) 

has a marked effect on the image. With a slightly underfocussed 

setting, even intensity fringes of the fundamental lattice are 
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obtained (29) with no indication of the presence of· the ordered dornnl11S. 

At slight overfocus'from the above "simultaneous image" the (200) 

fringes of the disordered matrix become blurred and are no lonr-er 

resolved, whilst in the ordered domains only (100) fringes are sccn( 29 ). 

The domains now stand out more clearly against a blurred background. 

This contrast may be utiUzed to indicate the presence of rcglons 

in the material with a significantly higher degree of order than the 

surrounding material. In this way it has been shown that small 

0 

"microdomains"·of high local order {-15A) are present in quenched 

cu
3
Au, accounting for the weak diffuse scattering at superlattice 

positions in the diffraction patterns(2S). 

It may also be noted that the relative phase of adjacent 

domains remains unaltered by changes of focus. Thus the distribution 

of domains in antiphase with their neighbours may be investigated by 

this technique. It has been shown that a distribution of antiphase 

domain groups can account for the observed superlattice spot splitting 

found in diffraction patterns of Cu
3

Au in the early stages of 

ordering(28). 

The lattice imaging technique also demonstrated that even in the 

early stages of ordering some of the small ordered domains already possess 

an anti-phase boundary, as illustrated in Fig. 13a. Although it is 

possible that such contrast arises from a fortuitous overlapping of domains, 

the good fit and similar fringe visib!lity found in such cases between the 

two portions of the domain indicate that they do in fact 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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emphasises the role of cooperative antiph<ise don:~lin plu:.:nomc:na in the 

early stages of oru~ring in this alloy system. 

A comparison of the conventional superlattice dark field 

micrograph and the corresponding lattice image is c-:hm·m in Fig. 14. 

The nunilier of ordered domains indicated i~ the lattice image is 

considerably less than the number of bright areas on the dark field 

micrograph, as expected by the calculations shown in Fig. 9. A direct 

correlation of the two images ·in terms of shape and positioning of 

the domains is not always found. For .instance at positions marked 

A in Fig. 14, the domains revealed .by the lattice image correlate 

well with bright regions in the superlattice dark field image. At B, 

the domains in the lattice image show weak contrast compared with 

the dark field, whilst at C the lattice image contrast is predomi­

nantly that of fundamental fringes although bright regions are quite 

clear on the dark field. Since domains located at various depths 

in the foil and having varying degrees of·. order all contribute to the 

dark field image it is consistent with our cal_culations that some 

ordered domains indicated in the dark field are missing from the 

lattice image. Furthermore, spurious bright spot images as-described 

by Cowley(6) will also be part of the contribution to the dark field 

image and will not be revealed as ordered domains by lattice imaging. 

V. DISCUSSION 

The experimental lattice images· of ordered and disordered cu
3

Au 

have been found to correlate well with the profiles calculated from 

dynamical electron diffraction theory. Thus, in the ordered alloy, 

superlattice fringes are obtained under appropriate conditions using 
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h 

(0-g-2g) imaging beams, with a variation of fringe visibility with 

degree of order, and in partially ordered alloys the profile of 

predominantly ordered or disordered material can be distin~uished. 

These have been utilized in studying lattice defects and ordering 

in cu3Au and the interpretation of experimental results has been fully 

justified by comparison with the theoretical calculations. 

Apart from the assumptions involved in the dynamical theory, two 

further factors have not been taken into account in the present study. 

Firstly, it has been assumed throughout that only one amplitude 1/J(g) 

exists at the reciprocal coordinate.&' = .z.. However, for the diffuse 

intensity which exists at superlattice positions in disordered and 

partially ordered specimens, a function \jl(g') would be more 

appropriate, altering the influence of the superlattice beams on the 

resulting ima~e. 

Secondly, the incident electron beam has been assumed to be a 

plane wave. In practice, a nearly fully focussed second· condenser 

lens was used to minimize the exposure time. The resultant beam 

divergence introduces a spatial incoherence into the beam which can 

be accommodated by using wave vectors K with different directions, 

but the same magnitude (lG) (i.e. a spheric,al wave). Thus, the 

microscope aberrations considered in the theory are not sufficient 

and this could explain some experimental observations on the optimum 

conditions for fringe visibility: 

(i) fringe images were not successfully obtained at maximum 

· beam divergence (i.e. 'fully focussed second condenser lens); 

(ii) the fringe visibility at subsidiary defocus maxima (Fig. 4) 

was considerably lower than at the optimum defocus condition. 
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However, these disadvn11lagcs affect only minor points con~crning 

comparison of experiments and theory ~nd do not invalidate the major 

results that have been found. 

The experimental lattice imagr•ti of ordr~rcd Cu3Au have illustrated 

that the fully ordered lattice is continuous to within one or two 

atomic diameters of the boundary. However, the boundary itself is 

not perfectly smooth but small p~otrusions from a (100) plane are 

present. The separation of paired dislocations has also been found 

to be in excellent agreement with that previously det,ermined and the 

lattice image has further demonstrated that the partials are separated 

by an. antiphase boundary on a (100) plane. 

In partially ordered alloys, the characteristics of the lattice 

image depend on the objective lens setting, the degree of order and, 

for an ordered domain existing in a predominantly disordered matrix, 

the position of the domain in the foil. Since the optimum conditions 

may be obtained from a through-focal series and the position by stero 

analysis of the superlattice dark field, the.local degree of order in 

a small region may be ob~ained. Thus the development .of order whether 

by growth of imperfectly ordered or highly ordered domains may be 

studied directly by this technique. It is capable, therefore, of 

providing valuable information on an extremely fine scale in a 

relatively straightforward manner and in a form readily accessible to 

interpretat.ion. 

Results presented elsewhere(2
S) have demonstrated howthe technique 

has been utilized to yield information on the role of antiphase domain 

groups in the early stages of ordering of Cu3Au, with the first direct 
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evidence that the splitting of supcr..latticc reflections in partially 

I 

ordered Cu
3

Au arises fr~m domo:ins existing in antiphase \vi th one 

another. The supcrising result th:1t APIJs exist in the very early stages 
• 

of ordering has further been confirmed in .the present paper and it is 

possible that they occur in order to accommodate extra wrong-site 

atoms in non-stoichiometric alloys a~ indicated by the X'-ray diffraction 

work of Schwartz and Cohen( 30). Experiments on bulk alloy specimens 

of known composition are in progress to clarify this suggestion. 

Finally, it has also been demonstrated elsewhere(ZS) that the 

bright regions which appear in supcrlattice dark field micrographs 

of disordered cu
3

Au correlate well in size and distribution with 

ordered domains revealed by the lattice image technique. Since the 

interpretation of such high-re!olution dark field micrographs has 

recently been shown to be more complex than originally thought(G), it 
' 

is apparent that high resolution lattice imaging is necessary for a 

complete structural characterisation of short-range order and partial 

long-range order in alloys. Furthermore, these new results are in 

excellent agreement with the computer simulated model of short range 

order in Cu
3

Au derived from diffuse x-ray scattering data(31>. 
VI. CONCLUSIONS 

1. Experimental and computed lattice images of ordered and partially 

ordered Cu
3

Au have been shown to be in excellent agreement. 

2. Information concerning the mechanism of ordering and details of 

lattice defects in ordered alloys may be obtained by the lattice 

imaging technique. 

3. Antiphase boundaries in Cu
3

Au on {100} planes contain small 5-lOA 

protrusions. 
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4. The equilibrium configuration of superdislocations in ordered 

cu
3

Au is indicated to be two ~[llO].fundameutal iattice dislocations 

separated by a {100} antiphase boundary •. Information concerning the 
• 

dislocations may, in certain circumstances, be superior to conventional 

imaging techn~ques. 

5. Antiphase boundaries exist in the very early stages of ordering 

in cu
3
Au. 

6. Local heterogeneities in degree of order may be studied by lattice 

imaging. Thus, the presence of highly ordered dbmains in the pre-

dominantly disordered matrix during ordering of cu3Au has been confirm­

ed by the technique and the existence of small microdorilains has been 

indicated in the short range ordered state quenched .from above the 

critical temperature. 
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:FIGUJn: Ci\PTIONS 

Fig. 1. The Ll
2 

structure of orde:rcd Cu
3
Au. 

}'ig. 2. The imi1r,ing modes employed to study superlattice fringes in 

cu
3
Au. The deviation from the exact Bragg condition, s, is indicated 

for the imaging beams. 

Fig. 3. Definition of fringe visibility, V .. 

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

250A using the (O-g-2g) imaging mode: (a) with objective lens 

overfocus 300A; (b) with objective lens overfocus SOOA. The nature 

of the fringe pattern changes from superlattice in (a) to fundamental 

in (b). 

Fig. 5. The dependence of the visibility of (100) superlattice fringes 

. . 0 

with defocus for an ordered cu3Au foil of thickness 250A. 

Fig. 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 Figur~ 2. The dashed line illustrates the 

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

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

(1° tilt) on the optimum superlattice fringes (shown in (a)) 

obtained in the (0-g-2g) imaging mode. The new orientation (b) 

is near'the exact Bragg condition for the (600) reflection. 

Fig. 8. The variation of superlattice fringe visibilit~ (O-g-2g) imaging, 

with Bragg-Williams long-range order parameter (S) at specimen 

thicknesses 250A and 300 A. 

Fig. 9. The fringe profile of a 50A ordered domain (S=l) in a dis­

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

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

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

of the fot4.. 
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Fig. 10. MicrridcnJitometer trace (i.e. frinne profile) of the (100) 

superlattice fringes of ordered Cu3Au obtdneJ by.thc (O-g-2g) 

imaging mode. 

Fig. 11. The lattice image of a translational antiph.-:'.:.;c domain boundary 

(APB) in ordered Cu
3
Au: (a) viewed at an oblique angle; 

(b) detailed, nonual view near the APB shmrf.ng smn~-1 protrusions 

from a (100) plane. 

Fig. 12. The lattice image of a superdislocation in ordered cu
3
Au. The 

antiphase boundary (at C) separating the fundamental lattice dis-

locations (at B) is clearly revealed. 

Fig. 13. (a) Lattice image of partially ordered cu3Au 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 ordered drimain in partially 

ordered Cu3Au. The alternately stronger and weaker fringes in 

the domain are quite clear. 

Fig. 14. A comparison of the lattice image (a) and superlattice 

dark field image (b) of partially ordered cu3Au. Br~ght regions 

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 sho~~ in (c). 
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