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Abstract 

A new two-dimensional antiphase structure, Au31Mn9, 
was determined directly from high-voltage-high- 
resolution electron microscopy on a A u - 2 0 . 7  at.% Mn 
alloy. The space group is P4/m and the unit cell is 
tetragonal having the lattice constants A = X//i--6a and 
C = a, where a ~ 4.0 A is that of the fundamental  f.c.c. 

0567-7408/80/112550-05501.00 

cell. Satisfactory agreement can be obtained between 
the observed images and the calculations based on 
many-beam dynamical-diffraction theory. The pro- 
posed superstructure consists of square-shaped islands 
of the Au4Mn structure of Ni4Mo type containing 3 x 3 
columns of manganese atoms; the islands are separated 
by two-dimensional antiphase boundaries parallel to the 
[310] and [[30] directions of the fundamental  f.c.c. 
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lattice. The electron diffraction intensities calculated 
kinematically from the structure model agree well with 
the observed patterns. 

I. Introduction 

The crystal structure of Au-Mn alloys near Au3Mn has 
been studied by many investigators using X-ray and 
electron diffraction techniques. They proposed the 
existence of several superstructures in the composition 
range 20-28 at.% Mn: i.e. AuaMn structure of the 
Ni4Mo type (Watanabe, 1957); Au3Mn structure 
sometimes called the Watanabe structure, which is 
characterized as the two-dimensional antiphase struc- 
ture (2d-APS) based on the L12 type (Watanabe, 
1960); and a series of structures derived from the D022 
type with long-period stacking order (Sato, Toth & 
Honjo, 1967). Recently, a model of 2d-APS which 
differs from the Watanabe structure was proposed by 
Tendeloo, Ridder & Amelinckx (1978) by means of 
100 kV high-resolution electron microscopy using a 
dark-field technique. The structure consists of lozenge- 
shaped islands of the D022 structure separated by 
antiphase boundaries (APB) of which the structure is 
related to the Au4Mn structure. This structure was 
called a transition structuie, since it was found by slow 
quenching or very short annealing after rapid quench- 
ing from the disordered state. 

The appearance of these structures is known to 
depend quite sensitively upon composition and heat 
treatment, but the formation condition of these struc- 
tures is still not clear. Therefore, we carried out a series 

o f  high-voltage-high-resolution electron microscopy 
(HVHREM) experiments to solve this problem. In the 
course of the experiments, we found a new 2d-APS, 
Au31Mn 9. The present paper reports a direct deter- 
mination of the atomic arrangement in this structure. 
Detailed studies on the existence range of various 
superstructures and the structure model of the 2d-APS 
derived from the high-resolution structure images will 
be reported in part II of the study. 

polishing using a solution of 30 ml hydrochloric acid, 
30 ml sulphuric acid and 500 ml distilled water. 

High-resolution observations were made with the 
Tohoku University 1 MV electron microscope (JEM 
1000) which has a theoretical resolution of 1.9 A. The 
objective aperture diameter was 70 ~tm. Direct magnifi- 
cation was 3 x 105 and exposure time was about 10 s. 
Astigmatism was corrected for by observing homo- 
geneous granulation of contamination films adhering to 
the specimen edge. In order to avoid electron ir- 
radiation damage, the observations were made as 
quickly as possible. 

III. Results and discussion 

Fig. 1 shows a high-resolution electron micrograph of 
the Au-20.7  at.% Mn alloy. In the image, bright dots 
align regularly on a square lattice shown by white lines. 
The closest distance between the bright dots is 4.0 A, 
and the lattice constant is 12.6 A. The reverse-contrast 
image is shown in Fig. 2 of a neighboring region of Fig. 
1. This fact indicates that the image contrast is sensitive 
to foil thickness. Details will be discussed later. 

The above images are formed by a number of 
reflections up to the spacing d ~ 1.9 A which corre- 
sponds to the 200 spot. The selected-area electron 

II. Experiments 

A specimen was prepared by melting appropriate 
amounts of Au and Mn with 99.99% purity in 
evacuated silica tubes. After heat treatment for homog- 
enization at 1153 K for 17 h, the specimen was rolled 
into thin sheets. The sheets, sealed in evacuated silica 
capsules, were annealed at 673 K for 13 d for ordering, 
and were then quenched in water by breaking the tubes. 
The manganese content of the specimen was deter- 
mined as 20.7 at.% by chemical analysis. Thin foils for 
electron microscopy were prepared by jet electro- 

Fig. 1. High-resolution image of Au-20.7 at.% Mn alloy. One unit 
cell of Au 3 iMn 9 is marked with a rectangle. 
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Fig. 2. High-resolution image of Au-20-7 at.% Mn alloy with 
reversed contrast. 
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diffraction pattern of Fig. 3 shows a characteristic 
distribution of superlattice spots, which are lying 
parallel to the lines connecting the origin and the 620 
and 260 spots with the periodic spacing of 1/20 of the 
reciprocal-lattice vectors for these two spots. Thus, the 
two orthogonal axes, H and K, for the superlattice 
may be taken parallel to these reciprocal-lattice vectors 
as illustrated in this pattern. The axes H and K are 
inclined at 19 ° to the original axes h and k of the 
fundamental  f.c.c, lattice. The third axis, L, is per- 
pendicular to the HK or hk plane, and no superperiod 
appears in this direction. From the diffraction patterns, 
the superlattice having a tetragonal cell with A = V/10a 
and C -- a is determined, where a = 4 .0 /~  is the lattice 
constant of the fundamental  f.c.c, structure. In the 
micrographs of Figs. 1 and 2, the incident beam is 
exactly parallel to the C axis, and the observed lattice 
constant 12.6 A corresponds to A = X/ri-0a. 

It seems rather difficult to determine the super- 
structure by analyzing the electron diffraction pattern, 
but an enlarged image of Fig. 4 allows us to propose 
directly a model for the new superstructure• i f  the 
bright dots are assumed to correspond to the M n  atom 
positions, we may immediately obtain the structure 
model illustrated in Fig. 5 which shows a projection of 
the atomic arrangement along the C axis. Note the 
one-to-one correspondence between the bright dots in 
the image and the Mn atom positions in the model. The 
closest M n - M n  distance is a - - 4 . 0 / k .  The tetragonal 
unit cell of the superstructure contains 40 atoms; 9 Mn 
and 31 Au. 

To determine the atomic arrangements, it is impor- 
tant to compare the observed images with many-beam 
calculations based on dynamical-diffraction theory. We 
carried out the multislice calculation with the fast 
Fourier transform (Ishizuka & Uyeda, 1977) for the 
structure model of Fig. 5. The atomic positions in the 
Au31Mn 9 structure are given in Table 1. Parameters 
used for the calculations are listed in Table 2. Fig. 6 
shows the images calculated as a function of crystal 
thickness at the so-called optimum defocus condition 
(Scherzer, 1949). The image contrast changes appreci- 

Fig. 3. Selected-area electron diffraction pattern of Au-20.7 at.% 
Mn alloy. The directions of H, K, h and k axes are shown by 
arrows. 

Table 1. Superstructure o f  AUalMn9 

Space group P4/m N(N__o. 83), tetragonal 
Unit-cell dimensions A = V/10a = 12.6 A, C = a = 4.0 A 
Unit-cell contents 31 Au atoms, 9 Mn atoms 
Atomic positions 

1 Mn in 1 (a) 0,0,0 
4 Mn in 4(j) x,y,O; Yc,p,O;p,x,O;y, Yc,O 

x=],y=l~ 
4 Mn in 4(k) x,Y,½; Yc,p,½; p,x,½; y, Yc,½ 

1 =.~ x = ~ , y  
1 A u i n l ( c )  11 ~,~,0 
2 Au in 2(e) 0,½,0; ½,0,0 

_ 1 = ~; x = i~,y = r~; 12 Au in 4(j) x - r-o,Y 
x=~,y=]  

16 Au in 4(k) x = i~,Y = "~; x = ~,y = ¼; 
x= ~,y= t~;x= ~,y= ~ 
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Fig. 4. Enlarged image of Fig. 1, showing the one-to-one correspondence between the bright dots and the Mn atom positions. The inset is a 
calculated image of the Au3~Mn 9 structure for thickness 160 ]k. 
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Fig. 5. Structure model of Au3]Mn 9. The islands of Au4Mn 
structure are outlined by dotted lines. 

ably with changing thickness; the calculations for 120 
and I60A thickness reproduce well the observed 
images of Figs. 1 and 4. The image with the reversed 
contrast (Fig. 2) may correspond to the calculation 
corresponding to 280 and 320A. The calculation 

~+' i:~ +~: ...;+! :+ .~: ,~!~ ++~ ~-"=~+ ' :~ '~ .~  ~ . - ~  ~ :~ ~i~ ~*~": ,=~ ~ ,~.+ +~++ 
,+ * : ~  :--,,"=-,~+ ,-+;~.~ ~ ~ ~ ~+ "-=~-.~+~ .E +'-" ~i~ ,. ~ , ~ ; = ~ '  +. ~ , . ~  
~ ; ~ + + + , ~  +~+ ~ ~ ~ .=+ ~ ~  ~.: +,.,-:~+,+,~i~:~;~ ,++ 
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8 40 80 

120 160 200 ~, 

240 280 320 

F i g .  6. Calculated images of  the AutuMn9  structure for thicknesses 
o f  8 - 3 2 0  ~ a t / l  f =  ] 1 0 0  ~ .  
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Table 2. Parameters used for image computation 

Accelerating voltage 1000 kV 
Spherical aberration coefficient I l mm 
Defocus due to chromatic aberration 300/~, 
Value of defocus 1100/~ 
Objective aperture radius 0.55/~,- 
Crystal thickness for one slice 8.0/~ 
Number of beams 128 × 128 

Table 3. Calculated intensities of  HKO reflections of  
the Au3~Mn 9 structure 

HKO I HKO I HKO I HKO I 

010 <l 210 2 410 9 610 76 
020 2 220 2 420 2 620 1 
030 98 230 100 430 8 630 1 
040 2 240 2 440 2 640 1 
050 2 250 <l 450 <1 650 <1 
060 2 260* 8699 460 1 660 1 
070 <1 270 <1 470 <1 670 4 
110 <l 310 44 510 39 710 14 
120 <1 320 9 520 8 720 <l 
130 22 330 43 530 35 730 <1 
140 <l 340 2 540 71 740 <l 
150 <l 350 <1 550 14 750 <1 
160 <1 360 <l 560 56 760 <1 
170 <1 370 <1 570 21 770 16 

* This spot is the ~ndamental reflection 020 in terms of the 
indicesofthe basic ~c.c. structure. 

the calculated and observed intensities of diffraction 
spots. 

In the proposed model of Fig. 5, we note that the 
Au3~Mn 9 structure is composed of square-shaped 
islands of the Au4Mn structure (Ni4Mo type), which 
are separated by the 2d-APB parallel to the [310] and 
[i30] directions. The atomic arrangement in the 
2d-APB is isomorphic with that of the D022 type. 

The AUalMn 9 structure is found in the narrow 
composition range near 20.5 at .% Mn and coexists 
sometimes with the AuaMn structure. This is con- 
sistent with the fact that the Mn content of the 
Au3~Mn 9 structure (22.5 at.%) is slightly higher than 
that of the alloy examined. At higher Mn com- 
positions, another type of 2d-APS appears,  which is 
composed of parallelogram-shaped islands of the D022 
structure interconnected by the APB having an atomic 
arrangement isomorphic with that of the Au4Mn 
structure. Detailed studies on the structure model of 
this 2d-APS and the existence range of various 
superstructures will be reported in part II of the study. 

We would like to thank Mr H. Ota  and Mr E. 
Aoyagi  for their helpful collaboration throughout the 
work. The work has been partly supported by the 
Grant-in-Aid for Scientific Research from the Ministry 
of Education, Science and Culture. 

indicates that the image contrast is affected mostly by 
the phases of superlattice reflections rather than 
fundamental ones. Some details of the image contrast 
have been discussed in our H V H R E M  work on A u - C d  
alloys (Hirabayashi,  Hiraga & Shindo, 1980). 

To confirm the determined structure, the diffraction 
intensities are calculated from the above model and 
compared with the observed electron diffraction pat- 
terns. The calculated intensities of HKO reflections are 
listed in Table 3, in which Doyle & Turner 's  (1968) 
atomic scattering factors of Au and Mn for electrons 
are used. Satisfactory agreement is obtained between 
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