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The Crystal Structure of the Heusler Alloys.

By A. J. Brabrey, D.Sc., Royal Society Warren Research Fellow,
and J. W. Ropaers, B.Sec.

(Communicated by W. L. Bragg, F.R.S.—Received October 4, 1933.)

Beginning in the year 1898 Heusler* discovered a series of ferromagnetic
alloys, the most important containing copper, manganese, and aluminium,
They are characterized by remarkable magnetic properties, because although
composed only of paramagnetic or diamagnetic elements, they become ferro-
magnetic after suitable heat treatment. Various explanations of this property
have been advanced, but it was usually considered to be due to the formation
of a series of solid solutions of the type (CuMn)sAl, in which the proportions
of copper and manganese may be varied within fairly wide limits.

The Heusler alloys have been repeatedly investigated by means of X-rays.
Young,{ using molybdenum radiation examined alloys of two different com-
positions. He found that one was face-centred cubic, while the other was a
mixture of face-centred and body-centred cubic structures. The mixed
alloy was the more magnetic.

A more detailed investigation was made by Leiv Harang§ using copper
radiation. He found three structures, face-centred cubie, body-centred cubic,
and a structure similar to that of y brass, which correspond respectively to the
@, [, and & phases of the copper-aluminium system.|| They are successively
produced by increasing the proportion of aluminium in the alloy. Harang did
not find it possible to trace any relation between the magnetic properties and
the crystal structure, and therefore could not aseribe them to a single lattice.
These conclusions are not in agreement with recent investigations.

Later, Elis Persson investigated these alloys by means of chromium radiation.
In a preliminary note** he showed that the structure of a ferromagnetic alloy

* Heusler, Stark, and Haupt, ¢ Verh. deuts. phys. Ges.,” vol. 5, p. 219 (1903) ; Heusler
and Richarz, * Z. anorg. Chem.,’ vol, 61, P. 269 (1908).

T Take, ‘ Inaug. dise. Marburg ® (1904).

1 * Phil. Mag.," vol. 46, p. 201 (1923).

§ * Z. Kristallog.,” vol. 65, p. 261 (1927).

| Jette. Westgren, and Phragmén, ©J. Inst. Metals,” vol. 31, p. 201 (1924); Obinata,
‘Mem. Ryojun Coll. Eng.,’ vol. 31, pp. 3, 286, 295 (1929) ; Bradley and Jones, ‘J. Inst.
Metals,” vol. 51, p. 131 (1933).

9| Krings and Ostmann, Z. anorg, Chem.,” vol. 163, p. 154 (1927) ; Heusler, * Z. anorg.

Chem.,’ vol, 171, p. 126 (1928).
** ¢ Naturwiss,” vol. 16, p. 613 (1928).
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~ corresponding to the formula Cu,MnAl was hody-centred cubic, with the
aluminium atoms forming a face-centred superlattice. The structure was
therefore like that of Fe,S8i*, or that of FesAlt discovered later. The unit
cell is built up of eight small body-centred eubes, and therefore contains 16
atoms, of which four are aluminium, four manganese, and the remainder
copper. The aluminium atoms form a face-centred cube with double the
~dimensions of the small body-centred cube. No attempt was made to find
§the position of the manganese atoms by means of X-rays.
% Potter] made an X-ray examination of single crystals using copper radiation.
EDHO believed that the Mn atoms occupied special positions like the Al atoms.
<COn account of the resemblance between the magnetic properties of this alloy
Sand nickel, he concluded that its ferromagnetism was due to the manganese
& atoms being arranged on a face-centred cubic lattice.
B0 In continuation of his earlier researches, Persson§ came to the same con-

or

spclusion. The series of alloys (CuMn)zAl is only ferromagnetic when the

n

‘= manganese content exceeds 199, (atomic). This is independent of the arrange-
% ment of aluminium atoms, which is apparently the same whatever the amount
2 of manganese present, within wide limits. Persson believes that the presence

y

5 of 199, of manganese is required in order to produce a regular arrangement

:
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Persson attempted to find whether the special CugMnAl type of structure
was alone responsible for the ferromagnetic properties of the copper-manganese-

/[royalsoci

=

luminium alloys. He examined a whole series of alloys of the composition
(CuMn), Al, varying the proportions of copper and manganese. An X-ray
examination was made after heat treatment of the powdered alloy. In one
series of experiments the alloys were quenched in water from a temperature
only 50° below the melting point. In another series the alloys were tempered
for 350 hours at 210°,

The quenching experiments showed that four different types of structure
occurred. Face-centred cubic, body-centred cubic, and ** Gamma ” structures
corresponded to the «, § and 8 phases of the copper-aluminium system, and a
fourth phase possessed a structure like that of  Mn. Contrary to Harang,
Persson concluded that only the body-centred cubic 3 phase was ferromagnetic,
the ferromagnetism of the alloys increasing with the amount of the £ phase
present.
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The tempering experiments showed that the B phase was decomposed by
this form of heat treatment. The alloy splits up into two or more phases,
If the Mn content is less than required for the formation of the alloy Cu,MnAl,
the phases are CugAl with lattice spacing 5-833 A., and CugMnAl with lattice
spacing 5-950 A, 1f the Mn content is greater, a structure of the § Mn type
with lattice spacing 6-370 A. is formed, together with Cu,MnAl with lattice
gpacing 5-950 A. Maximum ferromagnetism corresponds to the greatest
amount of CugMnAl

Whether the alloy is quenched or tempered the lattice spacing of the { body-
centred cubic phase never exceeds 5-950 A. For quenched alloys the lattice
spacing increases linearly with increase of manganese content between CugyAl
and Cu,MnAl and ferromagnetism is the greater the greater the lattice spacing.

An alloy of the composition CuMnAl, has the CsCl type of structure and is
non-magnetic. The property of ferromagnetism is thus associated in a peculiar
degree with the special composition CugMnAl. The closer the alloy attains to
this composition the more marked is its ferromagnetic character. Persson
concludes that the property of ferromagnetism is due to the nature of the
crystal structure of CugMnAl, and is linked up with the mode of distribution of
the manganese atoms.

The object of the present paper is to fix the position of the manganese atoms
in the magnetic alloys by direct experiment, and to test whether a change of
structure without change of composition will destroy the ferromagnetic character
of the alloy. This should decide whether structure or composition is the more
important condition for ferromagnetism.

1. Present Experiments.

Eight alloys of the approximate composition Cu,MnAl were prepared by
melting together 50 gm. of copper, manganese, and aluminium in slightly
different; proportions in an alumina lined crucible* in a high frequency induction
furnace, under a low pressure of hydrogen. In order to remove coring, and to
make the alloys homogeneous, they were heated for 6 hours at 750° C. in an
electric furnace and allowed to cool slowly down to room temperature, Drillings
were then taken by means of a special drill,} kindly supplied by Mr. Gardiner,
of Easterbrook Allcard & Co., Sheffield. The drillings gave small particles
which could be ground in an agate mortar. The fine powders so obtained were

* Jay, ‘J. Tron and Steel Inst.,” vol. 125, p. 427 (1932).
t Edgar Allen’s Stag Major.
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' gieved through a mesh 250 to the inch, and then subjected to further heat
- treatment.

A portion was heated in hydrogen at 500° C. for 6 hours, and then allowed to
cool slowly down to 300° C. over a period of a few hours. At this point the
current was switched off, and the powders were allowed to cool to room
temperature in the furnace. X-ray powder photographs of these alloys

cyvere taken using radiation from an iron anticathode. They show that the
@ulk of each alloy consists of a phase of the y brass type* like CugAl,f and that
Bt least one other phase is present.
= 4 : {
80 Very different photographs were obtained from the second portions of the
wders. These were heated in hydrogen to a temperature of 800° C. and
ther about half an hour quenched by allowing a stream of cold water under
fpressure to enter the furnace. The structure is now body-centred cubic with
89 superlattice of the typical Heusler alloy type, as described by Persson and
otter. These photographs were repeated using radiation from copper and
zine anticathodes. There are differences between the relative intensities
_g)f the fainter lines of the three photographs, which we shall explain later.
a In the alloy selected for detailed investigation the proportions of the
gngredjents did not correspond exactly to the theoretical values for the com-
'goaition CugMnAl. Analysis of the alloy showed that the approximate
| -a;ompommon was Cu 67-5%,, Mn 17-59%,, Al 159; corresponding to the atomic
I ccomposltlon Cu2-2, Mn 0-65, Al1-15. The deficit of manganese was therefore
\wmade up partly by copper and partly by aluminium. This particular alloy
' Stas chosen because it was the only one which showed an almost complete
"': hange of structure with the two methods of heat treatment. After annealing
Sat 500° and slowly cooling down to room temperature, it gave an X-ray powder
-ophotograph corresponding to the § copper aluminium structure (CugAl,),
I'wath only a faint trace of lines belonging to another pattern. In this state
tathe alloy was found to be practically non-magnetic. On the other hand, the
n%eame powder after quenching from 800° showed only a body-centred cubic
‘Astructure with face-centred superlattice. The alloy was now strongly ferro-
. magnetic.

* Westgren and Phragmeén, ¢ Phil. Mag.," vol. 50, p. 331 (1925); Bradley and Thewlis,
f Proc. Roy. Soc.,’” A, vol. 112, p. 678 (1926).

t Bradley, * Phil. Mag., vol. 6, p. 878 (1928); Bradley and Jones, ‘J. Inst. Metals,’
vol. 51, p. 131 (1933).

1 The alloys were analysed by Mr. J. W. Cuthbertson of the University, to whom
the authors are indebted for his kindness.
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The above facts show conclusively that the magnetic properties of the alloy
are dependent on the type of crystal structure, as Persson suggested. The
composition of the alloy after heat treatment was checked by chemical analysis,
and found to be unaltered.* There is therefore no doubt that the ferro-
magnetism of the alloy is not a matter of chemical composition but of atomie
arrangement.

The arrangement of the atoms in the annealed and slowly cooled alloy can
be fixed to some extent from a visual inspection of the photograph. Its
resemblance to the powder photograph of CugAly is extraordinarily close. In
CugAly, the unit cell is cubic and contains 52 atoms of which 36 are copper

B e

~
\\

Fig, 1.—Annealed Heusler alloy (non-magnetic); @ A, O B, © €, @ D-

and 16 aluminium. The copper and aluminium atoms each occupy definite
positions in the lattice. From considerations of symmetry the 52 atoms can
be divided into eight sets which may be called A;, Ay; By, By; €y, Cq: Dy
D, respectively. Four A,, 4 B,, 6 C,, and 12 D, constitute a cluster of 26 atoms
which are grouped symmetrically around the centre of the unit cell, fig. 1. A
second cluster of 26 atoms, not shown in the figure, is grouped symmetrically
about each corner of the cell, so that the whole structure would be body-
centred cubie, except for the fact that there are more copper atoms and fewer
aluminium atoms in one cluster than in the other. The aluminium atoms aré
concentrated in A; and D,. The copper atoms occupy the remaining positions.
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* The manganese contents of the quenched and annealed specimens agreed to 0-1%.
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The similarity of the powder photographs of the annealed Heusler alloy
and that of CugAl, shows at once that the atomic co-ordinates are almost
identical in the two. Further, it can be concluded that the aluminium atoms
again occupy positions A; and Dy, The remaining positions are filled chiefly
by copper atoms, but about one-fourth of these are replaced by manganese.
The formula of the annealed alloy can therefore be written as (CuMn)y Al,.
SYhe proportions of aluminium are not quite sufficient to satisfy this formula,
Swhich may possibly explain the slight admixture of the second phase, shown
g)y the powder photograph. Without a more detailed investigation, it is
glompossible to say whether the manganese atoms occupy special positions in the

attice, or whether they are mixed up with the copper atoms in a purely random
%mmner, but there is no doubt about the aluminium atoms.
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& The ferromagnetic quenched alloy has a unit cell containing 16 atoms,

P fig. 2. These consist of four sets of atoms (A, B, ¢, D) each corresponding to
§ a face-centred cubic lattice. The superlattice lines are caused by the segre-
2 gation of the aluminium atoms into one of the four sets of positions (say B).
' & Both Persson and Potter suggest that the ferromagnetism of these alloys is
A due to the manganese atoms occupying a special position as in fig. 3. It was
~  our object to test this hypothesis. The question is whether the manganese
- atoms are mixed up at random with the copper atoms or whether they keep to
© their own positions. The difference between the scattering powers of copper
~  and manganese for X-rays is so slight that this might at first sight appear to
be a matter of some difficulty, but, in fact, the problem has been solved by means
- of accurate photometer measurements of powder photographs taken with X-rays
of different wave-lengths, making use of the anomalies in atomic scattering

VOL. CXLIV.—A, %




Downloaded from https://royalsocietypublishing.org/ on 08 August 2022

346 A. J. Bradley and J. W. Rodgers.

factor which occur when the frequency of the radiation is close to the character-
istic absorption frequency of the element.

The powder photographs of the quenched alloys taken with iron, copper,
and zinc radiations were photometered by means of a Cambridge micro-
photometer. This instrument employs a null method, the blackening of the
film being balanced against an Ilford wedge. Bach film was calibrated by
means of a rotating sector wheel, giving 10 uniform increments of intensity.
On comparing the blackening of the film corresponding to each of the 10 steps,
it is possible to trace the relationship between intensity and blackness character-
istic of the film. For the films used in the present series of experiments the
blackening curve is practically linear, so that the wedge readings may be
taken as true measures of the intensity, some slight correction being applied
to the strongest peaks where the calibration curve shows a slight departure
from the linear law.

Table I.—Observed Intensities. Arbitrary Units.

Line Iron Kq radiation. | Copper Ka radiation. | Zine Kq radiation.
% A= 1-934. A= 1-539. A=1-434,
i, U 0 g Ol i g e
*  |absorption. ®5: labsorption.| Y*"% labsorption.

3 111 110 96 119 171 123 158
4 200 330 236 172 198 152 161
8 220 4730 2040 4041 2750 3663 2490
11 311 78 26 92 485 67 36
12 222 171 53 71 34:5 49 24
16 400 1181 288 805 342 758 303
19 331 31 6:5 47 15-5 29 10
20 420 272 54 111 35 53 18
24 422 3974 694 2111 503 1616 462
o {| 35 } 85| 35 85| 48 11
32 440 2811 349 697 142 497 111

35 531 106 12 47 9 —_— -

600
36 {| } 867 045 | 62 1 = -

For each line wedge readings were taken at intervals of 0-1 mm., and the
blackening values so found plotted against the distance along the film. The
areas included under the peak curve and above the general level of the back-
ground intensity were computed, and tabulated in Table I. Corrections for
the effect of absorption in the powder specimen were made by the method
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of graphical integration described by Claassen.® The values of the absorption
factor depend on the product of the absorption coefficient ((.) and the radius
of the specimen (7).

As a convenient method of support during the exposure, the specimen is
diluted with Canada balsam and mounted on a hair. The effective value of
wr is thereby reduced. The appropriate value.of pr is most easily obtained
drom the following equation :— Y

=¥m—,
wr pmml

August 202

S The weight of the specimen (m) was 0-0024 gm., the length (1) 0-49 cm.,
%nd radius (r) 0-0265 cm. The values of p/p were calculated with the help
of Jinsson’s tablesf for each of the elements Al, Cu, and Mn with each of the
md.latxons Fe, Cu, and Zn. The results are summarized in Table IL

S

oh Table II.

=

Z

:_'_'; 1/p values, T,

2 Radiation. A

2 Al Cu. Mu. CuyMnAl | CuMnAlL

%:K. Bsnesiareitiinmssirole- « 0% 093-9 100 64 89-5 5-3
e, 1-5639 51-2 504 285 113 67

R ot 1-434 | 418 42-6 234 936 55

S

-8'-‘ .

£ Applying these values of ur to the data given by Claassen, the values of the

absorpmon factor were found for glancing angles 0°, 224°, 45°, 671°, and 90°,

es were then drawn giving the absorption factors for all angles between 0°
ud 90° for each of the three radiations. From these curves were obtained
Bhe absorption factors by which the observed intensity values were divided.
The corrected intensity values in Table I are proportional to theoretical
-gntensity values given by the equation

wnlo

D

14 cos®20

o 1008720 e
gn?0cos 02 °

- where 0 is the glancing angle, p the number of co-operating planes, and F the
- structure factor at room temperature. With the help of this equation the
4 * * Phil. Mag.,” vol. 9, p. 57 (1930).

t Jénsson, ‘ Uppsala Univ. Arsskr.’ (1928); Siegbahn, “Spektroscopie der Rontgen-
 strahlen,” Julius Springer, Berlin (1931).

2 A2
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relative F values in Table III were obtained. They were reduced to a com-
parable scale by putting F220 = 100 for each radiation.

This table shows some interesting features. On account of their smaller
intensity, the superlattice lines XA* = 3, 4, 11, 12, 19, 20, 27, 35, 36 are easily
distinguished from the body-centred lines 8, 16, 24, 32. The superlattics
lines themselves may be divided into two series, the odd reflections 3, 11, 19, 27,
35 being definitely weaker than the corresponding even reflections 4, 12, 20,
36. This distinction is to some extent obscured in Table I owing to the com-
plications introduced by the 6 factor and the planar factor. It is shown better

Table III,—Observed F Values for Three Radiations.

Lin Iron Kq radiation. | Copper Kq radiation. | Zine K. radiation.
= A=1-934. A= 1539, A=1-434,
Differences Differences Dlﬁemnm
Relative in Relative in Relative
Zht. I, ¥ neighbouring|] ¥ neighbouring| T nexghbourmg

values. | superlattice | values, | superlattice | values.

lines. lines. I
-

3 111 15 17 18
1 200 20}“17{25}‘8{24}—"

8 220 100 =5 100 = 100 =
11 311 10 11 10
12 222 25 } =38 { 17 } o { 15 } =%
16 400 79 = 75 — 75 e
19 331 6 9 8
20 120 18 } ~12 { 14 } T { 10 } -2
24 492 65 i 60 s 59 ..
2 511
27 { 4 } 6 =4 7 = 8 =
32 440 50 3 47 = 46 e
35 531 4 6 } i = 24
36 ol 11 } vt { s

442

by the figures given in Table III for the differences between the F values for
neighbouring odd and even lines. The table shows that the distinction between
odd and even superlattice lines is far more marked with iron radiation than with
copper or zine radiation. We shall now discuss the explanation of this
phenomenon.

It will be shown that the differences with different radiations are due to the
relation of the atomic scattering factor (f) to the wave-length A. f is usually
given as a function of sin 6/ which is independent of the wave-length, but
this is not strictly correct,
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1L. The Atomic Scattering Factors of Aluminium, Manganese, and Copper.

It has been shown in a number of experimental investigations® that the
atomic scattering factor (f) of an element for X-rays depends upon the wave-
length of the radiation, or to put the matter more precisely, the atomic scatter-
ing factor of an element is depressed by the use of radiation whose frequency lies
QJose to the eritical K absorption frequency of the scattering element. This fact
Sas to be expected on theoretical grounds, and is analogous to anomalous
gispersion in the optical region. It has been explained with the help of a
mbination of classical theory and quantum mechanics by Kallmann and
i(ark, Kronig, and Prins.f According to Coster and Knol,] the theory of Prins
Thay be expressed in the following way.

2 The atomic scattering factor f of an element may be regarded as consisting
gf two components fi due to the K electrons, and f; due to the L, M, ete.,
deotrons Now in the present experiments, the factor f, may as a first approxi-
ﬁmtaon be considered to be independent of the wave-length, because we are
ﬁmng radiation much harder than the critical L, M, ete., absorption edges.
Q On the other hand, for copper and manganese, the value of fi is very sus-
*sepmble to changes in wave-length, since all three radiations used are close to
3he K absorption edges of these elements.

= According to Coster and Knol, for radiation on the short wave-length side of

e absorption edge, there is a phase-change in the contribution of the K
)lectrons to the atomic scattering factor. This may be expressed by writing
§ as a complex quantity, thus:

fK =f'x s l:f"R' (2)

"Fvhere i =4/ — 1, and f'x and f"’x are two components with a phase difference
df 7/2, the resultant of which is fi. The component [’ either has the same
"cphase as fy or differs from it by an amount 7. The component f”x has a
gq)hm difference /2 compared with f'g and fi.

from

oad

* Mark and Szillard, ‘Z. Physik,’ vol. 33, p. 688 (1925); Armstrong, ‘ Phys. Rev.,’
vol. 34, p. 931 (1920) ; Wyckoff, * Phys. Rev.,’ vol. 35, pp. 215, 583, 1116 (1930) ; Morton,
‘ Phys. Rev.,” vol. 38, p. 41 (1931); Coster, Knol and Prins, * Z. Physik,” vol. 63, p. 345
(1830) ; vol. 75, p, 340 (1932) ; Glocker and Schiifer, ¢ Z, Physik,’ vol. 73, p- 289 (1931) ;
Bradley and Hope, * Proc, Roy. Soc.,” A, vol 136, p. 272 (1932).

t Kallmann and Mark, * Ann. Physik,’ vol. 82, p. 585 (1927) ; Kronig and Kramers, * Z.
Physik," vol. 48, p. 174 (1928) ; Prins, ‘ Z. Physik,’ vol. 47, p. 479 (1928) ; Kronig, ¢ Phys.
Z.,’ vol. 30, p. 521 (1929),

1 *Z. Physik,” vol. 75, p. 340 (1932); * Proc. Roy. Soc.,’ A, vol. 139, p. 459 (1933).
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f’x is given by the equation

x = {1+ PRlZ =L ®

where # = }‘—;‘ , Ag being the critical absorption wave-length of the scatterer,

and A the wave-length of the radiation.
f"x is given by the equation ]

f"x=;7: Ng. (4)

In each of the above equations ny represents the full effect of the K oscillators
away from the region of anomalous scattering. According to Prins the most
probable value of 7 is 1-3, though Kronig and Kramers gave 0-86. |

For radiation on the long wave-length side of the absorption edge there is no ’
change of phase angle, and the expression for fi therefore simplifies to

i
o= f1 + i), o

where 7 and z have the same meaning as before. Taken as it stands,
equation (5), like equation (3), gives values of f = — o at the absorption edge,
but Glocker and Schéifer have shown how this may be modified by the intro-
duction of damping terms,

The change of phase angle on the short wave-length side of the absorption
edge was verified qualitatively by the experiments of Coster, Knol, and Prins
with zinc blende, and the general nature of the depression of the f values near
the absorption edge is well verified by all the experimental work done in this
region ; but no satisfactory quantitative check has yet been obtained. Accord-
ing to most experimenters, the scattering factor is depressed on the short wave-
length side considerably more than is demanded by theory. On the contrary,
Bradley and Hope found that the scattering power of iron for copper K.
radiation was very little depressed. Coster and Knol have recently pointed
out that a correction must be made to this result to allow for the efiect of a
change in phase angle. However, this correction does little to bridge the
difference from the results of other investigators, as may be seen from the
following table.

We have chosen what we consider to be the most probable values of the
scattering factors of copper and manganese, based on the experimental work
of Bradley and Hope. They compared the values of the atomic scattering
factor of iron for different radiations at the same value of sin 6/A. For both
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Table 1V.—The Atomic Scattering Factor of Iron (f;e).
Caloulated
Radiation. MAg. | Glocker and Schfer* | Wyckoff. af(;“‘g’:ge_ 2 q;‘;‘;‘;;m
1 (3), (4), (5).
|
; Y A— 0-41 16-3 (17-1) 16-3 172 17-55
EN075 S — 0+89 94 (11-6) 11-8 16-1 16-3
S (corrected)
B0 P — 0-95 8:0 — 10+1 — —
TIO Kg. vosasiiveiin 1:01 — — — 14-1 12-6
l ag:x. 1-10 11-9 (13-5) 138 15-7 14-5
| SO Ke e 1-31 127 - S 15-25
< |
[ee)

S * Glocker and Schiifer have recently amended these values, and in a private communication
l oito one of the authors they give values more nearly in agreement with those of Wyokoff. These
r Oare given in brackets.

By T Corrected for temperature factor.

-
| gboobalt and iron radiations the scattering factor was found to be depressed
S below that for molybdenum radiation by an amount which was almost inde-
=pendent of sin 6/2. This is to be expected on theoretical grounds. The
a.depressions are due to changes in the contributions of the K electrons to the
‘o atomic scattering factor for different values of A/Ag. These depend only on
& ng which is almost independent of sin 6/,
For copper K, radiation, according to Coster and Knol, the difference in
- Sscattering factor should be greater as the value of sin 0/) increases, owing to
% the fact that fy is a complex quantity. However, we may split up the atomic
gscattering factor into its two components, a real component (fy + f'x) and
g an imaginary component, /", which differs in phase by =/2. At all values of
éain 0/, (fa +f'x) should be depressed by the same amount. It is therefore
'3 possible to obtain for each radiation a characteristic value of the depression of
'g the “ real ' component of the f curve of iron, which is independent of sin 0/2.
e Thedepression in fin the neighbourhood of the K absorption edge is due toa
| -% variation in the contribution of the K electrons to the total f value of the atom.
fQ Whether we use a combination of classical theory and quantum theory (as
- Prins has) or a purely wave-mechanical theory,* the variation in the con-
' tribution of the K electrons to the total value for the atom is a function of
| D
1t follows from this result that the anomalous dispersion by different elements
can be deduced from experiments on one element only, provided the results

C

yals

* We are indebted to Dr. Williams of this University for discussing this matter with us.
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are expressed in terms of A/Ag. Experiments are now being undertaken to
test the validity of this generalization, the results of which will be communicated
in due course.

In fig. 4 the depressions in the observed f values for iron are plotted against
the values of A/Ag, A being the wave-length of the radiations used (Mo, Cu,
Co, Fe, Cr characteristic K, radiations), and Ag the wave-length of the K

04 Aax 14

F1a, 4.—Depression of f curves in the region of the K absorption edge. @ Points from
experiments on FeAl (Bradley and Hope) giving the difference between the normal
f values and the values found near the absorption edge. For Cu radiation the value
plotted is not f but fy 4 f';. [’ i8 caleulated separately from the formula

f "K = ng.

AR

absorption edge of iron. The values for molybdenum radiation are taken as
zero. In this figure the values of the depression at some distance from the
absorption edge approach zero, and the biggest values of the depression are
in the immediate neighbourhood of the K edge. Plotted as a function of
A/Ag, theory indicates that the values represented on this curve should be
universal. They represent the amounts to be subtracted from the normal f
values where the frequency of the radiation is comparable with the critical
absorption frequency.

In order to obtain the value of the atomic scattering factor for a given
element with a given radiation for a given value of sin 0/, we first take the
“normal ™ value of the atomic scattering factor of the element for the required
value of sin 0/A, and then subtract an amount read off from this curve, fig. 4,
to allow for the anomalous effects of the K absorption edge on fig. Then we
calculate the amount of " from equation (4), assuming ng = 1+3, and intro-
duce a separate term into the calculations to allow for the effect of f"x when
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A < 1. An illustration will show how simple the procedure can be. To
find fy — fu for copper K, radiation we have

F= '\/(fm normal —fl(n depression —fAl)a +qug' (6)

Table V contains the necessary data for the evaluation of this expression,
for the Heusler alloy.

o
S Table V.—Depression in f Curve, due to Anomalous Dispersion.
Q
g Seattering A Zine Ka radiation, | Copper Ka radiation.| Iron Ka radiation.
&0 elements. < A= 1-434, A= 1-530. X =1-034.
<
K113 .. 7-936 0 0 0
25 ... 1-892 1:0 1-0 3
gnu29 1:371 25 15 0
S
aNn
—
e . .
&0 Substituting in equation (6),
=
4 F = V/(fym normal — fy, — 1-0)* + 2-72,
e
2 « . .
£ The normal f curves of aluminium, manganese, and copper were obtained
-

.gfrom a paper by James and Brindley.* The aluminium values were calculated
' Sby Hartree's method of self-consistent fields ; for copper an approximate curve
Eqva.s obtained by the same method ; for manganese, the Thomas values were
é—bused. It was shown by Bradley and Hope that the Thomas curve for iron
Zgave an excellent agreement for molybdenum radiation, and since manganese
Eis the next element to iron and does no differ greatly in atomic volume, it
g,seems fairly safe to use the Thomas curve here, though, of course, it is probably

less accurate than the other two calculated by Hartree's method.
® It is now possible to understand the differences in the powder photographs
Staken with zine, copper, and iron radiations. As Table V shows, the atomic
'S seattering factor of manganese with iron radiation is three units less than
‘onormal, whereas that of copper with iron radiation is practically normal.
Hence the difference in scattering power between copper and manganese is
three unils greater than normal. On the other hand, with zine radiation the
scattering power of copper is depressed more than that of manganese, so that
the difference in scattering power between copper and manganese is now
1-5 wumits less than normal. Thus iron radiation emphasizes the difference
in scattering power between copper and manganese, whereas zinc radiation

* * Phil, Mag.,” vol. 12, p. 81 (1981) ; *Z. Kristallog.,’ vol. 78, p. 470 (1931).
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minimizes the difference. This fact naturally leads to differences in the
intensities of the weaker reflections, where copper and manganese work in

" opposite directions. As we shall see later, the figures given in Table V provide

not merely a qualitative explanation, but ultimately give a perfect quantitative
explanation of all the observed intensities (Table VII).

On the other hand, if we had used the data of Glocker and Schifer or of
Wyckoff, we should have been led to the conclusion that the scattering powers
of copper and manganese with iron radiation ought not to be appreciably
different from those with copper or zinc radiation. The different results
obtained with different radiations prove that this is impossible. The theoretical
expressions (equations (3), (4), and (5) ) predict a difference between the scatter-
ing powers of copper and manganese for the different radiations employed,
but do not explain the observed numerical values as well as our empirical
values from the iron-aluminium experiments. Possibly more accurate results
would be obtained if this theory took account of the variation in the contribu-
tion of the L electrons as well as the K electrons. The empirical curve, given
in fig. 4, automatically makes this allowance, and partly for this reason should
give accurate f values, if the experiments of Bradley and Hope are a sufficient
basis for the curve. It is expected that new data will shortly become available,
giving more points on the curve. '

I1I. Possible Structure for the Heusler Alloy.
The unit cell contains 16 atoms with the co-ordinates :—

Ol 0090, “0%3 "¥03 EEO
B - Ldea 124" 2 FE LR TS
0. bz 113 400, 030, 00%
L1 SR §2% R R LSS

Symmetry considerations divide the atoms into the four sets A, B, C, D, as
shown in fig. 2. The problem is to find which of these positions are occupied
by copper, aluminium, and manganese atoms respectively. The data of
Table IIT point the way to a solution.

Three facts must be explained :—

(1) The existence of three series of reflections, one strong series of lines
[(1) 220, 400, 422, 440], and two weak series of superlattice lines
[ 442 [ 333
(2) 200, 222, 420, sooJ, (3) 111, 311, 331, 511, 531 .
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(2) The superlattice lines of series (3) are definitely weaker than those of
series (2).

(8) The difference in intensity of the two series of superlattice lines depends
on the wave-length of the radiation, being greatest for iron radiation
and least for zinc radiation.

Let the scattering powers in the four groups be f,, f, f,, and f; respectively.
& Then the structure factors for planes of types (1), (2), (3) may be written in
Kthe following way :—

@) f=f +h +f +/fa

(2) f=(f¢ +fo) — (o +So)

B) f=V(fo =L+ (fa =S
From these equations it may be seen that the presence of reflections of both
°°types (2) and (3) requires one group to be appreciably different in scattering

sppower from the other three. Since copper and manganese are not very different

= in scattering power, this condition is equivalent to a requirement that most
= if not all the aluminium atoms should be sorted out into one group, say B.
If the atoms in groups A, C, D were equivalent in scattering power, reflections
Sof types (2) and (3) would be equally strong. This is not so. The greater
2 8 intensity of type (2) reflections shows that the scattering power of D groups is
@ = intermediate between those of A and C on the one hand and B on the other.
O This admits of two interpretations: either manganese atoms go into D

rg/ on 08 August

pub

1

P> posltlons, or the aluminium atoms are not completely sorted out into B positions,
£'a minority of the aluminium atoms being found in D positions.

The second alternative would be analogous to the iron aluminium alloys*
2 containing a little more than the correct amount of aluminium to satisfy the
2 formula FezAl, Here most of the aluminium atoms occupy position B, but a
'S certain proportion move over to position D, leaving B without its full com-
= plement of aluminium atoms.
, % To distinguish between the two alternatives, it is necessary to make use of
A the fact that the intensities of the two sets of superlattice lines differ con-
siderably with different radiations (see Table ITI). This could not be explained
by a partial distribution of aluminium between positions B and D. It can,
however, be explained by placing manganese atoms in D and aluminium atoms
in B. This distribution gives structure factors 2Cu — (Mn + Al) and
(Mn — Al) for types (2) and (3) respectively. The difference is 2 (Cu — Mn).
As we have shown in a previous paragraph, the scattering power of copper
l * Bradley and Jay, ¢ Proc. Roy. Soc.,” A, vol. 136, p. 210 (1932).

oa
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exceeds that of manganese more with iron radiation than with copper and zine
radiations. ‘With this structure, we should therefore expect that the intensity
differences between reflections of type (2) and (3) would be greatest with iron
radiation and least with zinc radiation, which is in complete accordance with
the facts.

The above arguments show that most of the aluminium atoms are in position
B and most of the manganese atoms are in position D, but the sorting out of i
the atoms cannot be complete, because the composition of the alloy does not
correspond exactly to the formula Cu,MnAl. In order to decide the exact |
arrangement, a quantitative test is necessary. Before comparing the observed
intensities with the calculated values for the most probable arrangement, we
shall first give calculations for three different arrangements of manganese atoms
with the ideal composition CuyMnAl. It will be seen that the differences
between the intensities of the superlattice lines in the three cases are so large
that it is possible to be quite sure of the ultimate solution. i

The three arrangements considered first are :—

(i) Mnin D, Cuin A and C, Al in B. '!

(ii) Mn and Cu at random in A, C, and D, Al in B.

(iii) Mn in A, Cuin C and D, Alin B. 1
Table VI.—Comparison of Observed and Calculated Intensities for Three

Different Structures.

. Iron K, radiation. Copper K, radiation.
Feines A= 1-934, A = 1-539.
Observed Calculated. * Observed Calculated.
3 X with with
i A temperature temperature ] s
correction, i. ii, iii. correction. i. il. iii.
3 111 14 10 |27 |485 33 28 |43 |89
4 200 36 49 14 5 395 51 23 |14
8 220 340 354 (354 [354 600 593 593 |508
11 311 45 2 10 |22 11 95|17 |26
12 299 95 12 3 05 8 12 5 3
16 400 57 56 |56 |56 88 90 |90 | 90
19 331 15 1 4 9-5 4 35| 6 8:5
20 420 11-5 17 4 05 10 12 5 2:5
24 422 156 148 (148 [148 173 167 |167 |167
27 { e } 2 1 | es] 1 2.5 3 |4 | 68
32 440 97 95 |95 | 95 51 54 |84 |54
35 531 35 2.5 | 12-5 | 30 35 35| 4 55
36 { oo } 20 w | | 2 45 5 | 25| 2
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In order to make the observed intensities comparable with the calculated
values, they must be reduced to the same scale. This process is complicated
because the observed values are found at room temperature, whereas the
calculated values apply only at the absolute zero of temperature. This causes
the observed intensities to fall off too quickly with increasing values of sin 6/2.
The observed values should be related to the calculated values in the following

Nay : B sin?
I-nhs. = Icnl(‘. g™y

t 20

ihere A is the wave-length and 0 the glancing angle. B is a physical constant
Fhich is the same for all radiations. K is arbitrary and differs for each experi-
ogent, depending on the experimental conditions. The scales of the observed
galues are adjusted by choosing values of K and B to give the best measure of
greement between the observed and calculated reflections for planes 220,
aOO, 422, and 440, the values of which are independent of the atomic arrange-
_OD ent, It was found that the best agreement between observed and calculated
‘aalues was obtained by putting B = 3.

% Table VI includes results from iron and copper radiations. The zinc values
E&re not included as the difference in the scattering powers of copper and
-Oama.nganese is too small to give decisive results. It can be seen from this table
‘Fhat almost all the observed intensity values of the superlattice lines lie between
%the calculated values for structure (i) and structure (ii). Structure (iii) is,
Ltherefore, ruled out.

g The obvious interpretation of this result is that structure (i) is essentially
~<correct, but since there are too few manganese atoms to fill the whole of the D
gpositions some of the manganese has been replaced by copper. This has the
Heffect of reducing the difference in scattering power between A and C on the

=
Lone hand and D on the other. The formula for the alloy may be written

.E&B Cug(MnCu)Al. It must, however, be taken into account that there is a

§8ma.ll proportion of aluminium atoms in excess, This must either replace

Qo copper in A and C or manganese in D. (ood agreement with the observed
ntensities can only be obtained if it is supposed that the excess of aluminium
18 equally distributed between positions A, ¢, and D. The most probable
atomic distribution is as follows :—

A atoms : 0-95 copper, 0-05 aluminium.

B atoms : All aluminium.

Catoms : 0-95 copper, 0+05 aluminium.

D atoms : 0+3 copper, 0-65 manganese, 0-05 aluminium.
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The calculated intensities for this structure are compared with the observed
values in Table VII. The scale has again been fixed to give the best agreement
for the strong reflections, which depend only on the composition and not on the
manner in which the atoms of different kinds are distributed. The intensities
of the superlattice lines are thus obtained on an absolute scale, and the close
agreement with the calculated values can therefore be taken as a conclusive
proof that both the structure is correct and also that the empirical rule for
caleulating f values in the neighbourhood of the K absorption edge is reliable.

Table VIL.—Comparison of the Observed and Calculated Intensities for the
Most Probable Structure.

Li Iron Ky radiation. | Copper K, radiation. | Zine K, radiation.
I00s A=1-934. A= 1-539. A=1-434,
2. hid. | Observed. |Caloulated.| Observed. | Caloulated.| Observed. |Caloulated.
3 111 15 15 325 30 37 40
4 200 37+5 37 38-5 39 390 36
8 220 353 364 587 589 655 847
11 311 b 5 11 11-5 10 11
12 292 10 8-5 8 9 7 8
16 400 59 57 86 87 95 95
19 331 15 2 4 4 3 4
20 420 12 12 9:5 9:5 6 7
24 422 161 153 169 164 172 171
27 { i 2 2 2.5 3 4 3
32 440 101 98 50 52 49 50
35 531 35 55 35 3 — —
36 o0 30 32 45 35 = -
442 _

In conclusion, the authors thank Professor W. L. Bragg, F.R.8., for his
kind interest in the work, which was carried out in the Physical Laboratories
of the University of Manchester.

Swmmary.

In an investigation of the ferromagnetic alloys of copper, manganese, and
aluminium an alloy was found which showed an almost complete change of
crystal structure due to heat treatment. Drillings of this alloy, which had
been annealed at 500° for several hours and cooled slowly to room temperature,
were found to have the § copper aluminium (CugAl,) type of structure. The
formula may be written as (CuMn)4Al,, the atoms occupying the same positions
as in CugAl,. The annealed and slowly cooled alloy is non-magnetic, but on
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quenching from 800° C. it becomes strongly ferromagnetic. The structure is
now entirely body-centred cubic, with a face-centred superlattice.

A quantitative X-ray examination of the ferromagnetic alloy showed the
utility of a new method for distinguishing between elements of almost equal
scattering power. On comparing X-ray powder photographs of the same
specimen made with radiations from iron, copper, and zinc anticathodes, it was

c\t]'ound that the relative intensities of the weaker reflections varied with the
Qyave-length of the radiation. This fact made it possible to distinguish the
Ohnanganese atoms from the copper atoms, which would not have been possible
% results from only one radiation had been available. The difference between
<,i:hen atomic scattering factors of copper and manganese which is very small with
oginc radiation becomes fairly large with iron radiation.

g The ideal structure of the ferromagnetic alloy would be :—

& e ...... 000 033 103 3130

%0 13432 3200 030 00}

& Al . drt. it dbd. 2 E1

g Milgrosieuons EE I EE I PO Y

= _

8 In the specimen examined there was a deficit of manganese atoms. The

C

alloy was nevertheless homogeneous, some copper taking the place of the
'&ﬁﬁng manganese atoms. The aluminium atoms in excess were distributed
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