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Abstract

The short-range-order (SRO) parameters of disordered
Au,Mn alloy were determined from an analysis of the
X-ray diffuse scattering with the use of Borie & Sparks
[Acta Cryst. (1971), A27, 198-201] separation tech-
niques. On the basis of the observed SRO parameters
the local Mn atom arrangement in the f.c.c. lattice was
constructed using a computer simulation method. The
Mn atoms in the SRO state were found to form a
three-dimensional irregular network which is linked
mainly by linear chain segments along the [100]
directions and also with nearest-neighbour relations.
The Mn atom arrangement is the first example to show
the structure expected from a random spin system with
a concentration gradient. The ferromagnetic properties
of this state can be well understood on the basis of the
structure.

1. Introduction

The binary alloy Au,Mn has a Ni,Mo type structure
below the critical temperature of 693 K. Between 693
and 753 K, a mixture of the ordered Au;Mn (a” phase)
and a disordered phase exists. A single disordered f.c.c.
structure is seen above 753 K (Koster & Hummel,
1964). This alloy has a peculiar order—disorder
transition in which the superlattice reflections in the
ordered state have no special relationship to the
short-range-order (SRO) diffuse scattering of the
disordered state. Both the ordered and the disordered
alloy show ferromagnetism at low temperature indi-
cating that the phase transitions are independent of the
chemical order—disorder transition. The disordered
ferromagnet which is of current physical interest is not
yet understood on the basis of its structure.

The disordered structure above 753 K has been
investigated by Nakashima, Mizuno, Ido, Sato, Mitani
& Adachi (1977) and very recently by Fiirnrohr,
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Epperson & Gerold (1980): hereafter referred to as
NMISMA and FEG, respectively. By paying attention
to the fact that the Mn atom has a negative scattering
length for neutrons, NMISMA observed SRO diffuse
scattering using neutron diffraction methods and
obtained the Warren—Cowley short-range-order par-
ameters. They also determined the atomic pair inter-
action potentials on the basis of the Clapp—Moss
formalism (Clapp & Moss, 1966, 1968a,b). It is
pointed out in their study that higher-order SRO
parameters may be required in the understanding of the
local atomic arrangements of the disordered state. But
their measurements do not satisfactorily reproduce the
local atomic arrangement because the separation of the
SRO diffuse scattering from the size modulation effect
and thermal diffuse scattering plus Huang scattering
has not been properly made.

FEG evaluated the SRO parameters by using the
Borie—Sparks separation method for X-ray diffuse
scattering (Borie & Sparks, 1971). They also studied
the effect of various heat treatments on the local atomic
arrangement, particularly on the Mn atoms, by making
use of a computer simulation method developed by
Gehlen & Cohen (1965). They showed that the atomic
arrangement is characterized by the development of
Mn chains along the cubic axes. In addition to this,
they confirmed that the arrangement does not ap-
proach the ordered state even with increasing annealing
time. In this computer simulation, however, only six
SRO parameters were adjusted to fit the observed
values, although medium-range-order parameters are
known to be significant, as pointed out by NMISMA.
Despite such extensive structural studies of the disor-
dered state, it is not clear exactly what relationship
exists between the atomic arrangements in ordered and
disordered states.

Since the initial neutron diffraction study by
NMISMA, we have extended the study by using X-ray
diffuse scattering techniques to obtain more accurate
information about the local atomic arrangement of this
AuMn alloy. Our study indicates that the Mn atoms in
the SRO state form a three-dimensional irregular
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network which is linked mainly by linear chain
segments along the [100] directions and also with
nearest-neighbour relations in the f.c.c. lattice. It was
also found that the existence of Mn atom pairs with
nearest-neighbour relations plays an important role in
this ferromagnet. As nearest-neighbour interactions
have antiferro coupling, the antiferromagnetic compo-
nent is not negligible. In this paper we show the detailed
atomic arrangement of the SRO state and discuss the
ferromagnetic properties of this state on the basis of the
structure.

The X-ray diffuse scattering measurements were
made using a rotation-anode high-power X-ray
generator developed at the HIX Laboratory, Nagoya
University, for easy measurements of weak diffuse
scattering.

2. Experimental procedures

2.1. Sample preparation

The single-crystal sample of Au,Mn, which had been
used in the study of NMISMA, was again employed in
the present study by forming it into a disk shape of 8
mm diameter x 0.8 mm thickness, the top surface
being the (210) plane. The original crystal was
prepared by the Bridgman method with a temperature
gradient of 40K cm™! and at a cooling rate of
2-5-3.0K h™! through the melting point 1293 K as
indicated in the previous paper (NMISMA). The
sample was then continually homogenized at 1223 K
for one week and then annealed at 773 K for 2 d and
quenched in iced water. Analysis of Laue and Debye
photographs confirmed that the sample had the
disordered f.c.c. structure with lattice parameters of
4.0630 (5) A, and manganese composition of 20-3 (3)
at.% Mn from Vegard’s law.

2.2. Instrumentation

A four-circle diffractometer, Rigaku AFC-5, con-
trolled by a minicomputer, Pnafacom U-100, was
connected to a high-power X-ray generator, Rigaku
RU-1500, in the HIX Laboratory, Nagoya University.
Maximum power attained by the generator is 90 kV
(60 kV, 1500 mA) with a focus area of 1 x 10 mm for
the Cu target. Fig. 1 shows the schematic arrangement
of the instrument. Cu Ka radiation was made mono-
chromatic by a plate-like pyrolytic graphite mono-
chromator. The distance between the X-ray source and
the monochromator was 350 mm. The incident beam
was passed through a Co film with 95% transparency.
Fluorescence radiation from the Co film was used as a
monitor of the incident beam fluctuations. Balanced
filters of Ni-Co were placed just after the film, and the
A/2 contributions were eliminated by subtracting the
intensity through the Co filter from that through the Ni
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filter. The X-ray beam was collimated with a 1 mm®
slit. The size of the beam section on the sample by the
collimator was 1-1 mm®. The horizontal and vertical

~divergences were 0-37 and 0-33°, respectively. A Pb

baffle was set to prevent air scattering. The scattered
X-rays from the sample were detected through the
receiving path of dimensions 5¢ x 75 mm, by a main
counter with receiving slits of 1 x 1°.

2.3. Measurement programs

We developed a control program for the measure-
ment of diffuse scattering, the flow chart of which is
shown in Fig. 2. In this program, four axes are driven
to the destination angles calculated from the indices of
the measurement region which is stored in a disk
storage device. The diffuse scattering is then measured
for each balanced filter until the monitor counts a fixed
value. This method is advantageous in the case of
fluctuations in the incident beam. The data obtained
were stored on disk.

2.4. Method of measurement

The disk-shaped specimen was positioned on a
goniometer head, so that its surface was at the centre of
the diffractometer with its normal parallel to the ¢
rotation axis. The UB matrix was then determined from
three sets of angles observed for the 200, 220, and 111
reflections.
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X-ray
@ ﬁ monitor counter
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monochromator 3_
@ Ni-Co
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N

N,
\.

beam Pb baffle

collimator

4-circle
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X rotation I :
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receiving .
slits 15 wrotation
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counter 2@ rotation

Fig. 1. Schematic arrangement of instrument.
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The measurement of the diffuse scattering was
carried out at 1483 points on a cubic grid over the
volume in reciprocal space in Fig. 3 with an interval of
Ah; = 0-1 (h; represents the coordinates in reciprocal
space). Each measurement was made with the monitor
set on 120 000 counts, which corresponded to 15 s at
the operating conditions of 52.5 kV, 1200 mA. In order
to ensure the reliability of the observed data, the
conspicuous diffuse scattering at (1,3,0) was measured
after every 25 measurements as a reference. The
fluctuation of the intensity at this reference point was
within +39% through the whole experiment.

3. Results and analysis

3.1. Observed intensities

Observed intensities, I(obs), were converted to
absolute intensities I,,/N, in electron units, by compar-

Input Mode

(fixed time or fixed counts)

Input Points .
(initial point,final point)

!

X-ray shutter : closes
Half-shutter and Balanced-
filter : open

All axes to zero positions

Measurements for each balanced

filter
Observed datum to DISK
1

All axes to zero positions

Mcasurements for cach halanced
filter
Ohszerved datium to DISK

Fig. 2. Flow chart of control program for the measurement of
diffuse scattering.
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ing the intensities from a polystyrene, CgHg, sample.
The formula used in this conversion is

I, Iobs)~I(B)] M (u/p) (PFY (1_) 1
N [I'(obs)— I(B)] M' (u/p) (PF) \M/] 0-95

(1

(I,,/M) is the calculated intensity per molecule from
CgH; (64-62). I(obs) and I'(obs) are the measured
intensities from the specimen and CgHy, respectively.
I(B) is the background intensity; (PF) and (PF)’ are
the polarization factors for the sample and CgHg,
respectively. M and M’ are the molecular weight of
AuMn (168-59) and CgH, (104-15), respectively, and
0-95 is the correction factor due to double scattering in
CgH;. The mass absorption coefficients for the sample
and CgHj are (u/p) = 2130 and (4/p)’ = 4-28, respec-
tively. After conversion to absolute units Compton
scattering contributions were subtracted, and the results
were divided by m, my(f, — f3)% where m, and f, are
the concentration and atom form factor, respectively,
for the A-type atom.
The diffuse scattering distribution

I°(obs) = I,,/N.mymg(f,, — f5)%

for the (4,,h,,0) reciprocal-lattice plane is shown in Fig.
4 in which three diffuse peaks at (1,1,0), (1,4,0), (1,3,0)
and their equivalence in the reciprocal space are clearly
seen. The results are in good agreement with the
previous observations given by NMISMA and FEG.
The three diffuse peaks do not coincide with specific
superlattice reflection positions of Ni,Mo-type struc-
ture, which is expected to appear below the phase
transition temperature.

3.2. Borie—Sparks separation

In general, the observed diffuse scattering intensities
converted to electron units are composed of four terms;

h,

220 320

100 200

hy

Fig. 3. Volume of reciprocal space over which diffuse scattering
measurement was taken.
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contribution from SRO diffuse scattering I(SRO), size
effect modulation I(SE) and contribution from Huang
and thermal diffuse scattering. The last two terms are
described by I(TDS + H), because it is usually not
possible to separate them. If the Borie—Sparks (1971)
technique is applied to analyse the observed intensity
distribution, the three terms can be separated from
measured intensities on the basis that each term
modulates differently in reciprocal space.

By applying this separation technique to the present
data, I(SRO), I(SE) and I(TDS + H) were obtained.
I(SRO) separated from the other diffuse scattering is
shown in Fig. 5 for the (4,,h,,0) plane. It is recognized
from Fig. 5 that there exist appreciable intensities
around the two Bragg points 200 and 220, in addition
to the expected three peaks along the [100] directions
from the 110 reciprocal-lattice point. Such extra
intensities around the Bragg points conflict with the
concept of short-range ordering. It is conceivable,
however, that there are several inevitable contami-
nations around Bragg reflections due to the mosaic
nature of the monochromator crystal and the sample.
We, therefore, ignored the intensities near the Bragg
peaks by regarding them as spurious scattering.

In view of the several assumptions on which the
separation method is based, in order to see whether the
Borie—Sparks separation technique has successfully
analysed, diffuse intensities were reconstructed by
synthesizing reversely each contribution obtained in a

{40-0

Fig. 4. Diffuse X-ray scattering distribution of the SRO state of
AuMn alloy for the (/. 4,0) reciprocal-lattice plane. The huge

peaks around 200 and 220 are due to the tail of Bragg scattering.
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reduced zone and were compared with the observed
intensities. Fig. 6 shows this comparison along the
route from the 110 to the 310 points. The re-
producibility is excellent as a whole, although /°(cal) is
slightly lower than 7°(obs) in regions of higher A k,h,
indices. This discrepancy is well understood as being
due to the inherent deficiency of the Borie & Sparks
method, as has been pointed out by several authors
(Hayakawa, Bardhan & Cohen, 1975; Tibballs, 1974),
since the diffuse scattering is assumed to be expressed

r40.0

40.01

\
\

0neo

Fig. 5. The SRO diffuse scattering distribution around the 110
reciprocal-lattice point for the disordered AuMn alloy. The
peaks around each corner are due to the tail of Bragg scattering.
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Fig. 6. The diffuse X-ray scattering synthesized from the three
contributions of 7(SRO), I(SE) and I(TDS + H) and those ob-
served. Comparison is made along the route from the 110 to the
310 reciprocal-lattice points.
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by up to quadratic terms and all higher-order terms are
neglected in the expression of the exponential term. In
addition, the ratios of f,/(f, — f3) and f3/(f, — f3) are
taken to be constant over the whole volume of interest.
In AuMn alloy their modulations are estimated to be
about 4 and 12% respectively, which are compara-
tively significant.

3.3. Short-range-order parameters

Three-dimensional Fourier transforms of the SRO
diffuse intensities determined the SRO parameters,
Q- They are listed in Table 1 together with the results
of NMISMA and FEG.

The present analysis gives a value of 1-07 for ag,,
which is very close to the theoretically expected value
of 1. Although agy, is close to 1, this does not
necessarily prove that the measurement and the
analysis are satisfactory. It may, however, be assumed
that the present investigation is reliable.

The values of the a,,, themselves are quite different
from those of NMISMA, while the /mn dependence of
SRO parameters is very similar. The numerical
difference between the two results can therefore be
interpreted as due to the fact that in NMISMA’s
experiment the measurements were not made on an
absolute scale, which introduces several errors in the
estimation of the SRO parameters. On the other hand,

Table 1. Short-range-order parameters of disordered
Au,Mn

Reliability of the parameters is given by comparing the observed
ayg = 1-:07 with the theoretically expected value agoq = 1.

Nakasima Firnrohr Present
et al. etal. Present work
(1977) (1980) work Simulation

000 1-000 1-060 1-076
110 —0-078 —0-201 —0-168 —0-167
200 0-099 0-209 0.222 0.221
211 0.038 0.052 0.042 0.042
220 0-009 -0-005 0.014 0.014
310 0.053 —0-079 —0-087 —0-086
222 --0-082 —0.097 —0-128 —0-128
321 0-024 0-031 0-044 0-044
400 0-074 0-106 0-163 0-163
330 —0-036 —0-044 —0-064 —0-064
411 0-004 0-003 —0-000 0-000
420 0-010 0-009 0-016 0-016
332 0-015 0-011 0-007 0.008
422 —0-033 —0-032 —0.049 —0-049
431 0.004 0-006 0-006
510 —0.024 —0-056 —0-056
521 0-010 0.016 0-016
440 0-009 0.016 0-017
433 0-004 0-011 0-010
530 —-0-017 —0-034 —0-034
442 -0-015 —0-018 —0-018

600 0-029 0.096 0.095

532
611
620

541
622
631

444
543
550

710
640
552

633
721
642

730
651
732

800
554
741

811
644
820

653
660
822

743
750
831

662
752
840

833
910
842

655
761
921

664
754
930

851
763
932

844
770
853

941
860
1000

772
1011
862
1020

943
950

Table 1 (cont.)

Nakasima Fiirnrohr
etal. et al.
(1977) (1980)

0-006
0-001
0-005

0-003
—0.010
0.001
—0-010
0.003
—0.008
—0.008
0.003
0.002

0-000
0-002
—0-005
—0-005
0-000
0-001
0-016
0-002
0-002
—0-006
—0.004
0-008
0-000
0.002
0-003

0-001
—0.002
—0.005

—0-001
0-000
0.004

—0-003

—0-002
0.001
0-000
0-000
0.000

—0-001
0.001

—0-001

—0-002
0-000
0-000

0-000
—0.001
—0-002

0-000

0-002

0-002

0.000
—0.000
0-001
0-000
0-000
—0-000

Present

work

0-016
0.003
0.016

0-017
—0-027
—0-001
—0-031

0-004
—0-039
—0-027

0-019

0-007
—0-000

0-022
—0-019

—0-026
0.001
—0.005
0-042
0-007
0-004
—0.021
—0-013
0-015
0-006
0-017
—0-004

0-007
—0.015
—0-001

0-000
0-005
0.014
-0-000
—0-028
—-0.010
0.002
—0-004
0.016
—0-003
0-001
—0-024
0-003
—0.001
0-001
0-002
-0-010
—0-008
0.001
0-015
0-061

0-007
0000
0-000
0-015
0-003
—0-015

Present
work
Simulation

0-016
0-003
0-016

0-016
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the present results agree very well with the FEG study
in spite of slight differences in the compositions of the
samples used; 20 at.% Mn (this work) and 18 at.% Mn
(FEG). Their paper presented 14 SRO parameters up
to the 422 neighbour so that the a,, parameters with
higher indices, which must play an essential role in such
a complex SRO diffuse scattering distribution, cannot
be compared with their results, but certainly no
conspicuous differences are observed between the
scattering distribution given by their paper and that
shown in Fig. 5.

In Fig. 7 the a,,, parameters are plotted against
atomic distance, R,,,. Among the a,,,, parameters, a,,,
(0-222), a 49 (0-163), a9 (0-096), agyy (0-042), @144 4
(0-061) are positive and extremely large, indicating a
very slow decrease with indices along the [100]
direction and a,,q, a4y, @5, and a,,, have appreciable
negative values. a,, , , has an even larger value. These
results suggest that Mn atoms have a tendency to line
up along the [100] direction up to 50th neighbours,
occupying sequentially the second-neighbour atomic
positions in the f.c.c. lattice as shown schematically in
Fig. 8. This is probably due to their long-range
interactions.

0.4
(=]
(=1
o o
0.2 g -
(=]
2 8 8
o0
Fo0l— o - T RS
= L o 2
M
o
—02 g
—0.4

- 2 2
Rpn=VE+mi+n

Fig. 7. Plot of the SRO parameters vs atomic distance R, for the
disordered Au,Mn alloy.

Fig. 8. A schematic representation of the Mn atom chain extending
along the [100] direction in the f.c.c. lattice. The positions such as
200, 400, 600, and so on are probably occupied by a Mn atom,
while those of 110, 310, 510, erc. by a different kind of Au atom,
when the origin is occupied by a Mn atom.
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3.4. Computer simulation

Gehlen & Cohen (1965) and Williams (1976)
developed a computer simulation method simulating
local atomic arrangements on the basis of observed a
parameters. We examined such simulations for the
Au,Mn alloy by employing Williams’s program modi-
fied by Hirabayashi, Koiwa, Yamaguchi & Kamata
(1978). Initially two kinds of atoms in a given
composition were distributed randomly on 10 x 10 x
10 f.c.c. unit cells, in which 4000 atomic sites were
included, and then exchanges between the different
kinds of atoms were made and repeated in such a way
that the first 25 SRO parameters calculated on the
basis of the atomic arrangements fit the experimentally
determined values. The atoms on a boundary were
connected to the other side of the boundary by using
periodic boundary conditions. The CPU time was 60 s.

Figs. 9(a) and (b) show the distributions of Mn
atoms on the 10 x 10 x 10 unit cells simulated in this
way for the ideal perfect disordered structure and for
the observed SRO structure, respectively. In the figures
only Mn atoms are represented, by circles, and they are
linked together by solid lines if they are first and second
neighbours in the f.c.c. lattice. Fig. 9(¢c) shows the Mn
atom arrangement in the ordered state which is stable
below 693 K with the Ni,Mo type structure. In this
structure Mn atoms are arranged in a body-centred
tetragonal lattice with parameters a,, = 1/10a,,/2
and ¢, = a.,. Long Mn atom chains ordered along
the tetragonal ¢ axis, corresponding to the second-
neighbour [100] direction of the f.c.c. lattice, are
formed as seen in the figure.

Comparisons of these three structures show that the
probability of finding Mn atoms which adjoin each
other with a nearest-neighbour relation is very high in
the disordered structure. Such Mn chains do not exist
in the ordered phase. On the other hand, Mn chains
with a noticeable length along the second-neighbour
[100] direction cannot be found in the disordered
structure. It is clear from the figures that the Mn atom
arrangement in the SRO structure, Fig. 9(b), lies
somewhere between the two extreme cases. In the SRO
structure the tendency of the Mn atoms to line up along
the [100] direction still remains, while the number of
adjoining Mn atoms is not negligible. One also notices
that almost all the Mn atoms are linked with either first-
or second-neighbour relations and form an irregular
Mn network. This is quite different from the local
atomic arrangement predicted by FEG in which Mn
atom chains with different lengths exist as well as other
isolated complex Mn clusters in this disordered alloy. It
seems likely, however, that the probability of finding
such isolated clusters is very rare. It seems possible to
characterize the structure of the SRO state by the
existence of such an irregular three-dimensional Mn
network in a f.c.c. lattice. This would be very strongly
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related to its ferromagnetic properties, as will be
discussed in the next section.

4. Ferromagnet in the SRO state

Fig. 10 shows Ido’s (1973) measurements of the
magnetization M, and inverse susceptibility 1/y, vs
temperature T for the ordered as well as the SRO
structure of the present Au,Mn alloy sample. The
temperature dependences of M, and 1/, of the ordered
state show the well known behaviour of ferromagnetic
phase transitions. The Curie temperature 7 = 373 K is

-{30
30 ordered
state .
= > disordered
o0 state 20 &~
: S
<7 Z
x disordered =
s state 10
10
0 ERart < 2. 1 1. 1 0
0 200 400 600 800 1000 1200
T (K)
Fig. 10. The magnetization M, and inverse susceptibility 1/, for the
ordered and disordered Au,Mn as a function of temperature T in
the magnetic field of 1-43 MA m~".

Fig. 9. Three-dimensional distributions of Mn atoms simulated on
10 x 10 x 10 f.c.c. unit cells; (a) for ideal perfect disordered

state, (b) for the observed SRO state of Au,Mn alloy, and (¢) for  Fig. 11. A possible spin configuration with antiferromagnetic

the ordered state of the Ni,Mo-type structure. The Mn atoms
which are in first- and second-neighbour relations are linked
together by a solid line. The SRO structure is characterized by an
irregular three-dimensional Mn network linked by linear chain
segments along the [100] directions and also by nearest-
neighbour relations.

coupling in the SRO state of Au,Mn alloy. The spin directions
are assigned for the Mn atom in the second- and third-neighbour
relations to have a ferromagnetic arrangement and for those in
the first-neighbour relation to have an antiferromagnetic arrange-
ment. The first neighbours are linked by dashed lines and the
second neighbours by solid lines.
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well defined in both plots. The magnetization in the
SRO state could only be measured under strong
magnetic field. Its magnitude is about half the mag-
nitude of M, in the ordered state at low temperatures. It
decreases gradually to zero near 200 K. The Curie
temperature, however, is not so well defined as in the
ordered state. The inverse susceptibility, 1/y,, of the
SRO state obeys the Curie—Weiss law very nicely with
almost the same slope as the ordered state except in a
narrow temperature range near 200 K. This indicates
that the Mn atom has the same effective number of
Bohr magnetons in the SRO state as in the ordered
state; observed values of p.;(uz) are 4.5 + 0.2 and
4.8 + 0.2 for the SRO and the ordered state,
respectively. This is typical magnetic behaviour of
random spin distribution systems if a concentration
gradient of spin density does exist. The fact that the
magnetization does not saturate easily except in the
presence of a strong magnetic field indicates the
presence of some irregular arrangement of small
ferromagnetic domains owing to the presence of
antiferromagnetic coupling in this system. It may be
said that the three-dimensional irregular Mn atom
network connected by the first- and second-neighbour
relations in the f.c.c. lattice, as obtained by computer
simulation, is just what one would expect from a
random spin system with a concentration gradient, as it
is reasonable to assume that the Mn pairs connected by
the nearest-neighbour relation have antiferromagnetic
coupling, while those with second- and third-neighbour
relations have ferromagnetic coupling. In Fig. 11 one
part of the irregular Mn network is reproduced in order
to visualize more clearly such spin arrangements.
Although the upper part of a Mn chain is connected
with the lower part in an antiphase relation where the
chains are displaced by half a unit cell, they are all
assigned as arranged with the same spin. We see clearly
the existence of opposite spin connections with nearest-
neighbour relations in this complex structure which
does not exist in the ordered structure of the Au,Mn
alloy. Such a spin arrangement is understood to reduce
the saturation magnetization of the SRO state, com-
pared with that of the ordered state. It, therefore,
follows that the ferromagnetic state cannot be obtained
for the ideally perfect disordered alloy, as shown in Fig.
9(a).

It seems very likely that the relationship between the
peculiar magnetic property and the structure of the Mn

529

atom arrangements in the SRO state has been solved
by the present study. In previous studies this magnetic
property has been considered simply to be attributed to
the existence of either small Mn clusters of micro-
domains with ordered Mn arrangements.

It would be interesting to do similar structural
studies on more dilute alloys in connection with their
magnetic properties.

The authors wish to thank Professor M. Koiwa of
the Research Institute for Iron, Steel and Other
Metals, Tohoku University for the use of his simu-
lation program. Special thanks go to Dr T. Shanmugan
of the School of Physics, University of Melbourne for
the careful reading of our manuscripts. Thanks are also
due to Mr H. Yamamoto of the HIX Laboratory,
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Facom-M200 computer of Nagoya University Compu-
tation Center.

References

Borie, B. & Sparks, C. J. (1971). Acta Cryst. A217,
198-201.

Crapp, P. C. & Moss, S. C. (1966). Phys. Rev. 142,
418-427.

Crapp, P. C. & Moss, S. C. (1968a). Phys. Rev. 171,
754-763.

Crapp, P. C. & Moss, S. C. (1968b). Phys. Rev. 171,
764-7717.

FURNROHR, P., EPPERSON, J. E. & GEROLD, V. (1980). Z.
Metallkd. 71, 403-409.

GEHLEN, P. C. & CoHEN, J. B. (1965). Phys. Rev. 139,
A844-A855.,

HAYAKAWA, M., BARDHAN, P. & COHEN, J. B. (1975). J.
Appl. Cryst. 8, 87-95.

HIRABAYASHI, M., Koiwa, M., YAMAGUCH], S. & KAMATA,
K. (1978). J. Phys. Soc. Jpn, 45, 1591-1598.

Ipo, J. (1973). D.Eng. thesis. Nagaya Univ., Chikusaku,
Nagoya, Japan.

KOsTeER, W. & HUMMEL, R. E. (1964). Z. Metallkd. 55,
175-179.

NAKASHIMA, T., MizuNo, S., Ipo, T., SATO, K., MITANI, S.
& ADAcH], K. (1977). J. Phys. Soc. Jpn, 43, 1870-1878.
TiBBALLS, J. E. (1974). PhD thesis. Univ. of Melbourne,

Parkville, Australia.
WiLLIAMS, R. O. (1976). Report ORNL-5140. Oak Ridge
National Laboratory, Tennessee.



