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Beginning in  th e  year 1898 H eusler* discovered a  series of ferrom agnetic 

alloys, th e  m ost im p o rta n t con ta in in g  copper, m anganese, an d  aluminium. 

They  are  characterized  b y  rem ark ab le  m agnetic  p roperties , because although 

com posed only of p aram agnetic  or d iam agnetic  elem ents, th e y  becom e ferro

m agnetic a fte r su itab le  h ea t tre a tm e n t.^  V arious exp lanations of th is  p roperty  

have been advanced, b u t i t  was u su a lly  considered  to  be due to  th e  form ation 

of a series of solid solutions o f th e  ty p e  (CuM n)3Al, in  w hich th e  proportions 

of copper an d  m anganese m ay  be v a ried  w ith in  fa irly  w ide lim its.

The H eusle r alloys have been  rep ea ted ly  in v estig a ted  b y  m eans of X -rays. 

Y oung, J  using m olybden um  ra d ia tio n  exam ined  alloys of tw o d ifferent com

positions. H e found  th a t  one was face-cen tred  cubic, w hile th e  o th er was a 

m ix tu re  of face -cen tred a n d  b o dy-cen tred  cubic s tru c tu res. The mixed 

alloy  was th e  m ore m agnetic .

A m ore de ta iled  in vestig a tio n  w as m ade  b y  Leiv H arang ,§  using copper 

rad ia tion . H e found th ree  s tru c tu re s, face-cen tred  cubic, body-cen tred  cubic, 

an d  a s tru c tu re  sim ilar to  th a t  o f y  brass, w hich correspond respectively to  the 

a, p, and  8 phases of th e  copper-alum in ium  system . || T hey  are successively 

produced b y  increasing th e  p ro p o rtio n  of a lum in ium  in  th e  alloy. H arang  did 

n o t find i t  possible to  trace  a n y  re la tio n  betw een  th e  m agnetic  p roperties  and 

th e  crysta l s tru c tu re , an d  th erefo re cou ld  n o t ascribe th em  to  a single la ttice . 

These conclusions are  n o t in  ag reem en t w ith  recen t in vestig atio ns.^

L ater, E lis Persson  in v estig a ted  these  alloys b y  m eans of chrom ium  rad ia tion . 

In  a p relim in ary  note** he showed th a t  th e  s tru c tu re  of a ferrom agnetic alloy

* H eusler, S tark, an d  H a u p t, ‘ V erb, d eu ts. p h ys. G es.,’ vo l. 5, p. 219 (19 0 3 ); Heusler 

a n d  R icharz, ‘ Z. anorg. C hem .,’ v o l. 61, p. 269 (1908).

f  Take, ‘ In aug. disc. M arburg ’ (1904).

t  ‘ P h il. M ag .,’ vo l. 46, p. 291 (1923).

§ ‘ Z. K r ista llo g .,’ vo l. 65, p. 261 (1927).

|| J e t te , W estgren , an d  P hragm en, ‘ J . In st. M eta ls ,’ vol. 31, p. 201 (1924); Obinata, 

‘ M em. R yoju n  Coll. E n g .,’ v o l. 31, pp. 3, 286, 295 (1 9 2 9 ); B rad ley  and Jon es, ‘ J. Inst. 

M etals ,’ vo l. 51, p. 131 (1933).

If K rings an d  O stm a n n / Z. anorg. C hem .,’ v o l. 163, p. 154 (1 9 2 7 ); H eusler, ‘ Z. anorg. 

C hem .,’ vo l. 171, p. 126 (1928).

** ‘ N atu rw iss,’ vo l. 16, p. 613 (1928).
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corresponding to  th e  fo rm ula  C u2M nAl w as b o d y -cen tred  cubic, w ith  th e  

a lum in ium  atom s fo rm ing  a  face -cen tred  su p erla ttice . The s tru c tu re  was 

therefore like th a t  o f F e 3Si*, o r th a t  o f F e 3A lf  d iscovered  la te r. T he u n it  

cell is b u ilt up  of e igh t sm all b o d y -cen tred  cubes, a n d  th e re fo re  con ta in s 16 

atom s, of which fou r are  a lum in ium , fou r m anganese, a n d  th e  rem a in d er 

copper. The alum in ium  a to m s fo rm  a  face -cen tred  cube w ith  double  th e  

dim ensions of th e  sm all body -cen tred  cube. N o a t te m p t was m ade to  find 

th e  position of th e  m anganese a to m s b y  m eans o f X -rays.

P o tte r  J  m ade an  X -ra y  exam in a tio n  of single c ry s ta ls  using  copper rad ia tio n . 

H e believed th a t  th e  M n a tom s occupied special positions like  th e  A1 a to m s. 

On account of th e  resem blance betw een  th e  m agnetic  p ro p erties  o f th is  alloy  

and  nickel, he concluded th a t  its  fe rrom agnetism  w as due to  th e  m angan ese 

atom s being a rranged  on a  face-cen tred  cubic la ttice .

I n  co n tin ua tion  of his earlie r researches, Persson§ cam e to  th e  sam e co n 

clusion. The series of alloys (CuM n)3Al is on ly  fe rrom agnetic  w hen th e  

m anganese co n ten t exceeds 19%  (atom ic). This is in d ep en d en t o f th e  a rran g e 

m en t of aluminium atom s, w hich is a p p a re n tly  th e  sam e w h a tev e r th e  am o u n t 

of m anganese presen t, w ith in  w ide lim its. Persson believes  th a t  th e  presence 

of 19%  of m anganese is requ ired  in  o rder to  p roduce a reg u la r a rran g em en t 

of m anganese atom s.

Persson  a tte m p te d  to  find wdiether th e  special C u2M nAl ty p e  of s tru c tu re  

was alone responsible for th e  ferrom agnetic  p roperties  of th e  copper-m anganese- 

alum in ium  alloys. H e exam ined  a  w hole series o f alloys o f th e  com position 

(CuMn)3 Al, vary in g  th e  p roportions o f copper an d  m anganese. A n X -ra y  

ex am ination  w as m ade  a fte r h e a t tre a tm e n t o f th e  pow dered alloy. I n  one 

series of experim ents th e  alloys were quenched in  w ater from  a  tem p era tu re  

only 50° below th e  m elting  poin t. In  an o th e r series th e  alloys were tem pered  

for 350 hours a t  210°.

The quenching experim ents showed th a t  fou r d ifferent ty p es  of s tru c tu re  

occurred. Face-centred  cubic, body-cen tred  cubic, an d  “ G am m a ” s tru c tu re s  

corresponded to  th e  a, (3 an d  8 phases of th e  copper-alum in ium  system , and  a 

fou rth  phase possessed a  s tru c tu re  like th a t  o f (3 Mn. C o n tra ry  to  H aran g , 

Persson concluded th a t  only th e  bod y-cen tred  cubic (3 phase was ferrom agnetic , 

th e  ferrom agnetism  of th e  alloys increasing w ith  th e  am o u n t of th e  (3 phase 

present.
* Phragm en, ‘ Tekn. T id sk r ift ’ (S tock holm ), vo l. 56, p. 81 (1926) 

t  B radley and J a y , 4 Proc. R oy . S o c .,5 A , vo l. 136, p. 210 (1932). 

t  ‘ Proc. P h ys. S o c .,’ London, vo l. 41, p. 135 (1929).

§ 4 Z. P h y sik ,’ vo l. 57, p. 115 (1929).

Crystal Structure of the Heusler Alloys.
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3 4 2 A . J .  B r a d le y  a n d  J .  W . R o d g e r s .

The tem pering  experim ents showed th a t  th e  (3 phase was decom posed by 

th is  fo rm  of h e a t trea tm e n t. The alloy  sp lits  up  in to  tw o or m ore phases. 

I f  th e  Mn co n ten t is less th a n  requ ired  for th e  fo rm atio n  o f th e  alloy  Cu2MnAl, 

th e  phases are  Cu 3A1 w ith  la ttice  spacing  5-833 A ., an d  C u2M nAl w ith  lattice 

spacing 5 • 950 A. I f  th e  M n co n ten t is g rea ter, a  s tru c tu re  of th e  (3 Mn type 

w ith  la ttice  spacing 6-370 A. is form ed, to g e th e r w ith  C u2MnAl w ith  lattice 

spacing 5 *950 A. M axim um  ferrom agnetism  corresponds to  th e  greatest 

am o u n t of C u2MnAl.

W hether th e  alloy  is quenched or te m pered  th e  la ttic e  spacing o f th e  (3 body- 

cen tred  cubic phase never exceeds 5-950  A. F o r  quenched alloys th e  lattice 

spacing increases lin early  w ith  increase of m anganese co n ten t betw een Cu3Al 

an d  Cu2MnAl an d  ferrom agnetism  is th e  g rea te r th e  g rea te r th e  la ttice  spacing.

A n alloy  of th e  com position  CuM nAl2 has th e  CsCl ty p e  o f s tru c tu re  and  is 

non-m agnetic. The p ro p e rty  of ferrom agnetism  is th u s  associated in  a  peculiar 

degree w ith  th e  special com position  C u2M nAl. The closer th e  alloy  a tta in s  to 

th is  com position th e  m ore m ark ed  is its  ferrom agnetic  characte r. Persson 

concludes th a t  th e  p ro p e rty  o f ferrom agnetism  is due to  th e  n a tu re  of the 

c ry sta l s tru c tu re  of Cu2MnAl, an d  is linked  u p  w ith  th e  m ode of d is tr ibu tion  of 

th e  m anganese atom s.

The ob ject of th e  p resen t p ap e r is to  fix th e  position  of th e  m anganese atom s 

in  th e  m agnetic  alloys b y  d irec t experim en t, a n d  to  te s t  w heth er a  change of 

s tru c tu re  without change of composition w ill d es tro y  th e  ferrom agnetic  character 

of th e  alloy. This should  decide w heth er s tru c tu re  or com position is th e  more 

im p o rtan t condition  fo r ferrom agnetism .

I. Present Experiments.

E ig h t alloys of th e  app ro x im ate  com position C u2MnAl were prepared  by 

m elting to ge th er 50 gm. of copper, m anganese, an d  a lum in im n in  slightly 

different proportions in  a n  alum in a lined  crucible* in  a h igh  frequency  induction 

furnace, under a low pressure of hydrogen. In  o rder to  rem ove coring, and to 

m ake th e  alloys hom ogeneous, th e y  were h ea ted  for 6 hours a t  750° C. in  an 

electric furnace an d  allow ed to  cool slowly dow n to  room  tem peratu re . Drillings 

were th e n  ta k en  b y  m eans of a special d r il l ,f  k in d ly  supplied b y  Mr. Gardiner, 

o f E asterb rook  A llcard  & Co., Sheffield. The drillings gave sm all particles 

w hich could be ground  in  an  aga te  m ortar. The fine pow ders so ob ta in ed  were

* J a y , 4 J . Iron  an d  S tee l I n s t . ,’ vo l. 125, p. 427 (1932).

|  E dgar A llen ’s S ta g  Major.
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sieved th ro u g h  a m esh 250 to  th e  inch, a n d  th e n  su b jec ted  to  fu r th e r  h e a t 

trea tm e n t.

A portion  was h ea ted  in  hyd rogen  a t  500° C. for 6 hours, a n d  th e n  allow ed to  

cool slowly dow n to  300° C. over a perio d  o f a  few  hours. A t th is  p o in t th e  

cu rren t was sw itched off, an d  th e  pow ders w ere allow ed to  cool to  ro om  

tem p era tu re  in  th e  furnace . X -ra y  pow der p h o to g rap h s  o f these  alloys 

were ta k en  using ra d ia tio n  from  a n  iron  an tica th o d e . T h ey  show  th a t  th e  

bu lk  of each alloy consists o f a  phase of th e  y  b rass  ty p e*  like Cu9A l4f  a n d  th a t  

a t  least one o th er phase is p resen t.

V ery different pho to g rap h s  w ere ob ta in ed  from  th e  second p o rtio n s  o f th e  

powders. These w ere h e a te d  in  hyd rogen  to  a te m p e ra tu re  o f 800° C. a n d  

a fte r ab o u t h a lf  an  h o u r quenched b y  allow ing a  s tream  o f cold w a te r  u n d er 

pressure to  en te r th e  fu rnace. The s tru c tu re  is now  b o d y -cen tred  cubic w ith  

a  superla ttice  of th e  ty p ica l H eusle r a llo y  ty p e , as described  b y  Persson  a n d  

P o tte r. These p h o tog raphs w ere rep ea ted  using ra d ia tio n  fro m  copper a n d  

from  zinc an tica thodes. There are  differences betw een  th e  re la tiv e  in ten s itie s  

of th e  fa in te r lines of th e  th ree  pho to graphs, w hich  we shall ex p la in  la te r.

In  th e  alloy  selected for d e ta iled  in v estig a tio n  th e  p ropo rtions o f th e  

ingredients d id  n o t correspond ex ac tly  to  th e  th eo re tica l values fo r th e  com 

position C u2MnAl. A nalysisJ  of th e  alloy  showed th a t  th e  ap p ro x im ate  

com position was Cu 6 7 -5 % , M n 17*5% , A1 15%  correspond ing  to  th e  atom ic  

com position Cu 2 • 2, Mn 0 • 65, A 11 • 15. The deficit of m anganese w as th e re fo re  

m ade up  p a r tly  b y  copper an d  p a r tly  by  a lum in ium . This p a r tic u la r  allo y  

was chosen because i t  w as th e  on ly one w hich show ed an  a lm ost com plete  

change of s tru c tu re  w ith  th e  tw o m ethods of h e a t tre a tm e n t. A fte r ann ea lin g  

a t  500° and  slowly cooling dow n to  room  te m p era tu re , i t  gave a n  X -ra y  pow der 

photograph corresponding to  th e  8 copper a lum in ium  s tru c tu re  (Cu 9A14), 

w ith  only a  fa in t trace  of lines belonging to  an o th e r p a tte rn . I n  th is  s ta te  

th e  alloy was found to  be p rac tica lly  non-m agnetic . O n th e  o th e r hand , th e  

same powder a fte r quenching from  800° show ed on ly  a body-cen tred  cubic 

s tructu re  w ith face-centred superla ttice . The a lloy was now  stro n g ly  fe rro 

m agnetic.

* W estgren and Phragm en, 4 P h il. M ag.,’ vo l. 50 , p. 331 (1 9 2 5 ); B rad ley  and  T h ew lis, 

‘ p roc. R oy. Soc.,’ A , vo l. 112, p. 678 (1926).

t  Bradley, ‘ P h il. M ag.,’ vo l. 6, p. 878 (1 9 2 8 ); B rad ley  an d  Jon es, 4 J . In st. M eta ls ,’ 

vol. 51, p. 131 (1933).

X The alloys were an alysed  b y  Mr. J . W . C uthbertson  o f  th e  U n iv ers ity , to  w hom  

the authors are indebted  for h is  k in d n ess.

Crystal Structure of the Heusler Alloys. 3 4 3
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3 4 4 A . J .  B r a d le y  a n d  J .  W . R o d g e r s .

are  dependen t on th e  ty p e  o f c ry s ta l s tru c tu re , as P ersson  suggested. The 

com position o f th e  alloy  a fte r h e a t tre a tm e n t was checked b y  chem ical analysis, 

an d  found  to  be una lte red .*  There  is therefo re no d o u b t th a t  th e  ferro

m agnetism  of th e  alloy  is n o t a m a tte r  o f chem ical com position b u t of atomic 

arrangem ent.

The arrangem en t o f th e  a tom s in  th e  annea led  an d  slow ly cooled alloy can 

be fixed to  some ex ten t from  a  v isual in spec tio n  of th e  pho tograph . Its  

resem blance to  th e  pow der p h o to g rap h  of Cu 9A14 is ex trao rd in a rily  close. In 

Cu 9A14, th e  u n it cell is cubic a n d  con ta in s 52 a tom s of w hich 36 are copper

an d  16 alum inium . The copper an d  alum in ium  atom s each occupy definite 

positions in  th e  la ttice . P ro m  considera tions of sy m m etry  th e  52 atom s can 

be divided  in to  eight sets w hich  m a y  be called Av  A 2 ; B 1? B 2 ; Cq, C2 ; D1? 

D 2 respectively. F o u r A 1? 4 B 1? 6 C1, an d  12 D 4 co n stitu te  a cluster of 26 atom s 

w hich are grouped sym m etrica lly  a round  th e  cen tre  of th e  u n it cell, fig. 1. A 

second cluster of 26 atom s, n o t show n in  th e  figure, is grouped sym m etrically  

ab o u t each corner of th e  cell, so th a t  th e  w hole s tru c tu re  would be body- 

cen tred  cubic, except for th e  fac t th a t  th e re  are m ore copper a to m s and  fewer 

a lum in ium  atom s in  one c luster th a n  in  th e  other. The alum inium  atom s are 

concen tra ted  in  A4 an d  D 2. The copper atom s occupy th e  rem ain ing positions.

* Th e m anganese co n ten ts o f  th e  quenched  and  an nealed  spec im ens agreed to  0 • 1 %•
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3 4 5

The sim ila rity  o f th e  pow der p h o to g rap h s  o f th e  an n ea led  H eusle r alloy  

and  th a t  o f Cu 9A14 shows a t  once th a t  th e  a to m ic  co -o rd in a te s  a re  a lm o st 

iden tica l in  th e  tw o. F u r th e r , i t  can  be concluded  th a t  th e  a lu m in iu m  a to m s 

again occupy positions A4 a n d  D 2. T he rem ain in g  positions a re  filled chiefly  

b y  copper atom s, b u t  a b o u t one-fou rth  o f these  a re  rep laced  b y  m angan ese. 

The form ula o f th e  an nea led  a llo y  can  th ere fo re  be  w ritte n  as (CuM n)9 Al4. 

The proportions of a lum in ium  are  n o t q u ite  sufficient to  sa tis fy  th is  fo rm u la , 

which m ay  possibly ex p la in  th e  s lig h t a d m ix tu re  o f th e  second phase, show n 

b y  th e  pow der p h o to g rap h . W ith o u t a  m ore d e ta iled  in vestig a tio n , i t  is 

im possible to  say  w h eth er th e  m angan ese a to m s occupy  special positions  in  th e  

la ttice , or w heth er th e y  a re  m ixed  u p  w ith  th e  copper a to m s in  a  p u re ly  ran d o m  

m anner, b u t  th e re  is no d o u b t a b o u t th e  a lum in ium  atom s.

Crystal Structure of the Heusler Alloys.

Fig . 2.— G eneral ty p e  o f  stru cture ; 

O  A, ©  B, $  C, ®  D.

F ig . 3.— Q uenched H eu sler a llo y  (m ag

n etic) ; O  Cu, @  A l, (g) Mn.

The ferrom agnetic quenched alloy  has a  u n it  cell con ta in in g  16 atom s, 

fig. 2. These consist of four sets of a tom s (A, B, C, D) each  co rresponding  to  

a face-centred cubic la ttice . The su perla ttice  lines are caused  b y  th e  segre

gation of th e  a lum in ium  atom s in to  one o f th e  four sets o f positions (say B). 

B o th  Persson and  P o tte r  suggest th a t  th e  ferrom agnetism  of th ese  alloys is 

due to  th e  m anganese atom s occupying a  special position  as in  fig. 3. I t  was 

our object to  te s t th is  hypothesis. The question  is w heth er th e  m anganese 

atom s are m ixed up  a t  random  w ith  th e  copper atom s or w heth er th e y  keep to  

th e ir  own positions. The difference betw een th e  scatterin g  pow ers of copper 

and  m anganese for X -rays is so sligh t th a t  th is  m igh t a t  firs t s igh t appear to  

be a m a tte r of some difficulty, b u t, in  fac t, th e  problem  has been solved by  m eans 

of accurate pho tom eter m easurem ents o f pow der pho to g raphs ta k en  w ith  X -rays 

of different wave-lengths, m ak ing  use of th e  anom alies in  atom ic scatte ring

v o l . c x l iv .—A. 2 A
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3 4 6 A . J .  B r a d le y  a n d  J .  W . R o d g e r s .

fac to r w hich occur when th e  freq uen cy  of th e  rad ia tio n  is close to  th e  character

istic ab sorp tion  frequency  o f th e  elem ent.

The pow der pho to graphs of th e  quenched  alloys ta k e n  w ith  iron , copper, 

an d  zinc rad ia tio n s  were p ho to m ete red  b y  m eans o f a C am bridge micro

photom eter. This in s tru m en t em ploys a n u ll m eth od , th e  b lacken ing  of the 

film being balanced  ag a in st a n  I lfo rd  wedge. E ach  film  w as ca lib ra ted  by 

m eans of a  ro ta tin g  sector w heel, g iving 10 un ifo rm  increm en ts  o f intensity . 

On com paring th e  blackening o f th e  film  corresponding  to  each of th e  10 steps, 

i t  is possible to  trace  th e  re la tionsh ip  betw een in te n s ity  an d  b lackness ch aracte r

istic  o f th e  film. F o r th e  films used  in  th e  p resen t series o f experim ents the 

blackening curve is p rac tica lly  linear, so th a t  th e  wedge read ings m ay  be 

ta k en  as tru e  m easures o f th e  in ten sity , som e sligh t co rrec tion  being applied 

to  th e  strongest peaks w here th e  ca lib ra tio n  curve  shows a  sligh t departu re  

from  th e  lin ear law.

Tab le  I .— O bserved In ten sitie s . A rb itra ry  U nits .

Line.
Iron K« radiation. 

A =  1*934.

Sh\ hkl. Observed
values.

Corrected
for

absorption.

3 I l l 110 96
4 200 330 236
8 220 4730 2040

11 311 78 26
12 222 171 53
16 400 1181 288
19 331 31 6*5
20 420 272 54
24 422 3974 694

27 |
611 \  
333 /

58 8*5

32 440 2811 349
36 531 106 12

36 ^
600 \  
442 /

867 94*5

Copper K« radiation. Zinc K a radiation.
A =  1 •539. A =  1*434.

Observed
Corrected

for
absorption.

Observed
Corrected

for
absorption.

values. values.

119 171 123 158
172 198 152 161

4041 2750 3663 2490
92 48 *5 67 36
71 34*5 49 24

895 342 758 303
47 15*5 29 10

111 35 53 18
2111 503 1616 462

35 8*5 43 11

697 142 497 111
47 9 — —

62 11 — —

F o r each line wedge readings were ta k e n  a t  in te rv a ls  o f 0*1 m m ., and  the 

blackening values so found  p lo tte d  aga in st th e  d istance  along th e  film. The 

areas included under th e  peak  curve a n d  above th e  general level of th e  back

ground  in ten s ity  were com puted , an d  ta b u la te d  in  Table I . Corrections for 

th e  effect of ab sorp tion  in  th e  pow der specim en were m ade by  th e  m ethod
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3 4 7

of g raphical in teg ra tio n  described b y  C laassen.* T he values  o f th e  ab so rp tio n  

fac to r depend on th e  p ro d u c t o f th e  ab so rp tio n  coefficient (fx) a n d  th e  rad iu s  

o f th e  specim en (r).

As a  co nven ien t m e th o d  of su p p o r t d u rin g  th e  ex p o su re , th e  specim en is 

d ilu ted  w ith  C anada ba lsam  a n d  m o u n ted  on a  ha ir. The effective value  of 

p -  is th e reb y  reduced. The a p p ro p ria te  v a lu e .o f  (jtr is m ost easily  o b ta in ed  

from  th e  following eq u a tio n  :—

[l  1
mi r  — i - m  —

p Tin

The w eight of th e  specim en (m) w as 0*0024 gm ., th e  len g th  (l) 0*49 cm ., 

an d  rad iu s (r) 0*0265 cm. The values  o f (jt/p were ca lcu la ted  w ith  th e  help  

of Jonsson’s ta b le s ,f  fo r each  o f th e  elem ents Al, Cu, a n d  M n w ith  each o f th e  

rad ia tions Fe, Cu, an d  Zn. The resu lts  a re  sum m arized  in  Table  I I .

Crystal Structure of the Heusler Alloys .

Table  I I .

R adiation. A.

fi/p values. px.

A l. Cu. Mn. Cu2MnAl. Cu2MnAl.

Be Ka .......................... 1-934 93-9 100 64 8 9-5 5 -3
CU K a ................................... 1-539 51-2 5 0 -4 285 113 6 -7
Zn K a  ................................... 1-434 41 -8 4 2 -6 234 93-6 5 -5

A pplying th ese  values of fi,r to  th e  d a ta  given b y  Claassen, th e  values o f th e  

absorp tion fac to r w ere fo und  fo r glancing angles 0°, 221°, 45°, 67J°, a n d  90°. 

Curves were th e n  d raw n giving th e  abso rp tio n  fac to rs  fo r a ll angles betw een  0° 

and 90°, for each of th e  th ree  rad ia tio n s . F ro m  th ese  curves were ob ta in ed  

th e  absorp tion factors b y  w hich th e  observed  in te n s ity  values w ere d ivided . 

The corrected in ten s ity  values in  Tab le I  are  p ropo rtional to  th eo re tica l 

. in tensity  values given b y  th e  eq uatio n

i = 1 + r ,° a i v .
snv2 6 cos 6

where 0 is th e  glancing angle, p th e  num ber o f co-operating  planes, an d  F th e  

s tructu re  facto r a t  room  te m p era tu re . W ith  th e  help o f th is  equa tio n  th e

* ‘ P hil. M ag.,’ vo l. 9, p. 57 (1930).

t  Jonsson, ‘ U pp sala  U n iv . A rsskr.’ (1 9 2 8 ); S iegbahn , “ Spektroscopie der R ontgen -  

strah len ,” Ju liu s Springer, Berlin  (1931).

2 A 2
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3 4 8 A . J .  B r a d le y  a n d  J .  W . R o d g e r s .

re la tive  F  values in  Table  I I I  were ob ta ined . T hey  were reduced to  a com

parab le  scale b y  p u ttin g  F220 =  100 for each rad ia tion .

This ta b le  shows some in te res tin g  fea tu res. On accoun t o f th e ir  smaller 

in tensity , th e  superla ttice  lines SA2 =  3, 4, 11, 12, 19, 20, 27, 35, 36 are easily 

distinguished  from  th e  body-cen tred  lines 8, 16, 24, 32. The superlattice 

lines them selves m ay  be d iv ided  in to  tw o  series, th e  odd  reflections 3 ,1 1 ,1 9 , 27, 

35 being definitely  w eaker th a n  th e  corresponding  even reflections 4, 12, 20, 

36. This d is tinction  is to  som e e x te n t obscured in  Table I  owing to  th e  com

plica tions in troduced  b y  th e  0 fac to r a n d  th e  p la n a r fac to r. I t  is shown better

Tab le  I I I .— O bserved F  V alues fo r Three R ad ia tions.

Line.
Iron K a radiation. 

A =  1-934 .
Copper K a radiation. 

A =  1-539 .
Zinc K a radiation. 

A =  1-434.

ZhK hkl.
R elative

F
values.

Differences
in

neighbouring
superlattice

lines.

R elative
F

values.

Differences
in

neighbouring
superlattice

lines.

R elative
F

values.

Differences
in

neighbouring
superlattice

lines.

3
4 
8

11
12
16
19
20 
24

27 ^

32
35

36 ^

I l l
200
220
311
222
400
331
420
422
511 \
333 J  
440  
531
600 \  
442 /

15
32

100
10
25
79

6
18
65

6

50
4

11

}  {  

}  {  

}  {

}  - 7 {

17
25

100
11
17
75

9
14
60

7

47
6
8

}  - {  

}  - {  

}  -  {

}  -

18
24

100
10
15
75

8
10
59

8

46

}  - 6 

}  -

> :!

b y  th e  figures given in  Table  I I I  fo r th e  differences betw een th e  F  values for 

neighbouring odd  a n d  even lines. The ta b le  shows th a t  the distinction between 

odd and even superlattice lines is far more marked with iron radiation than with 

copper or zinc radiation. W e shall now  discuss th e  exp lan ation  of this 

phenom enon.

I t  w ill be show n th a t  th e  differences w ith  different rad ia tions are  due to  the 

re la tion  of th e  atom ic sca tte rin g  fac to r ( / )  to  th e  w ave-length X. /  is usually 

given as a  functio n  o f sin  0/X w hich is indepen den t of th e  wave-length, but 

th is  is n o t s tric tly  correct.
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Crystal Structure of the Heusler Alloys . 3 4 9

I I .  The Atomic Scattering Factors of Aluminium, Manganese, and Copper.

I t  has been show n in  a  n u m b er o f ex p erim en ta l in v estig a tio ns*  th a t  th e  

atom ic scatterin g  fac to r ( / )  o f an  elem ent fo r X -ray s  dep en ds u p o n  th e  w ave

leng th  of th e  rad ia tio n , or to  p u t  th e  m a tte r  m ore precisely, th e  a tom ic  sc a tte r 

ing fac to r of an  elem ent is depressed b y  th e  use o f ra d ia tio n  w hose frequency  lies 

close to  th e  critica l K  ab so rp tio n  frequency  o f th e  sca tte r in g  elem ent. This fa c t 

was to  be expected  on th eo re tica l grounds, a n d  is analogous to  an o m alo u s  

dispersion in  th e  op tica l region. I t  h as  been exp la in ed  w ith  th e  help  o f a 

com bination  of classical th e o ry  a n d  q u a n tu m  m echanics b y  K a llm an n  a n d  

M ark, K ronig, an d  P r in s .f  A ccording to  C oster an d  K nol, J  th e  th e o ry  o f P rin s  

m ay  be expressed in  th e  following w ay.

The atom ic sca tte rin g  fac to r /  o f a n  e lem en t m a y  be reg a rd ed  as consisting  

of tw o c o m p o n e n ts /K due to  th e  K  electrons, a n d  / R due to  th e  L , M, e tc ., 

electrons. Now in  th e  p resen t ex perim en ts, th e  f a c to r /R m a y  as a  firs t a p p ro x i

m ation  be considered to  be in dependen t o f th e  w av e-leng th , because we are  

using rad ia tio n  m uch h a rd e r th a n  th e  critica l L , M, etc., ab so rp tio n  edges.

On th e  o th er hand , for copper a n d  m anganese, th e  value  o f / K is v ery  sus

ceptible to  changes in  w ave-length, since all th ree  rad ia tio n s  used are close to  

th e  K  absorp tion  edges of th ese  elem ents.

According to  Coster an d  K nol, for rad ia tio n  on th e  sh o rt w ave-leng th  side o f 

th e  ab sorp tion  edge, th e re  is a  phase-change in  th e  co n trib u tio n  o f th e  K  

electrons to  th e  atom ic sca tte rin g  fac to r. This m a y  be expressed b y  w riting  

/ K as a com plex q u an tity , th u s  :

/ k  —/ k  +  if" K) (2)

where i =  V — 1, a n d / 'K a n d / " K are  tw o com ponen ts w ith  a  phase difference 

of tc/2, th e  re su ltan t of w hich is / K. The com ponent / ' K e ith er has th e  sam e 

phase as f R or differs from  i t  b y  an  am o u n t 7u. The com ponen t / " K has a  

phase difference t z/2 com pared  w ith  / ' K an d  f R.

* Mark and Szillard, ‘ Z. P h y s ik ,’ v o l. 33, p. 688 (1 9 2 5 ); A rm strong, ‘ P h y s . R e v .,’ 

vo l. 34, p. 931 (1 9 2 9 ); W yck off, ‘ P h y s . R e v .,’ vo l. 35, pp. 215, 583, 1116 (1 9 3 0 ); M orton,

* P hys. R ev .,’ vo l. 38, p. 41 (1 9 3 1 ); C oster, K n o l an d  P rins, ‘ Z. P h y s ik ,’ v o l. 63, p. 345  

(1930); vol. 75, p. 340 (1 9 3 2 ); G locker an d  Schafer, ‘ Z. P h y s ik ,’ vo l. 73, p. 289 (1 9 3 1 );  

Bradley and H ope, ‘ Proc. R oy . S o c .,’ A , v o l 136, p. 272 (1932).

t  K allm ann and Mark, ‘ A nn. P h y s ik ,’ vo l. 82, p. 585 (1 9 2 7 ); K ronig  an d  K ram ers, ‘ Z. 

P h y sik ,’ vo l. 48, p. 174 (1 9 2 8 ); P rins, ‘ Z. P h y s ik ,’ vo l. 47, p. 479 (1 9 2 8 ); K ronig, ‘ P h ys. 

Z.,’ voL 30, p. 521 (1929).

t  *z * P h y s ik ,’ vol. 75, p. 340 (1 9 3 2 ); ‘ Proc. R oy . S oc .,’ A , vo l. 139, p. 459 (1933).
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3 5 0 A . J .  B r a d le y  a n d  J .  W . R o d g e r s .

f ' K is given b y  th e  eq uation

(3)

x =  —  , XK being th e  critica l abso rp tion  w ave-length  of th e  scatterer,

an d  X th e  w ave-length o f th e  rad ia tio n . 

f" K is given b y  th e  equatio n

rr t  _
f  K~  ~2 n*- ( 4)

In  each of th e  above eq uatio ns nK rep resen ts  th e  fu ll effect o f th e  K  oscillators 

aw ay  from  th e  region o f anom alous scatterin g . A ccording to  P rin s  th e  most 

probab le  value of is 1*3, th o u g h  K ron ig  an d  K ram ers  gave 0*86.

F o r rad ia tio n  on th e  long w ave-leng th  side o f th e  abso rp tion  edge th e re  is no 

change of phase angle, an d  th e  expression fo r f K there fo re  simplifies to

equatio n  (5), like equ a tio n  (3), gives values  o ff  =  — <*> a t  th e  ab sorp tion  edge, 

b u t G locker an d  Schafer have show n how  th is  m ay  be m odified b y  th e  in tro 

du ction  of dam ping  term s.

The change o f phase angle on th e  sh o rt w ave-length  side of th e  absorption 

edge was verified q u a lita tiv e ly  b y  th e  experim en ts  o f Coster, K nol, an d  Prins 

w ith  zinc blende, an d  th e  general n a tu re  of th e  depression o f th e  /  values near 

th e  absorption  edge is well verified b y  all th e  ex perim en tal w ork done in  this 

region ; b u t no sa tisfac to ry  q u a n tita tiv e  check has y e t been ob tained. Accord

in g  to  m ost experim en ters, th e  sca tte rin g  fac to r is depressed on th e  sh o rt wave

leng th  side considerably  m ore th a n  is dem an ded  b y  theory . On th e  contrary, 

B rad ley  an d  H ope found  th a t  th e  sca tte rin g  pow er of iron  for copper K a 

rad ia tio n  was very  little  depressed. Coster an d  K nol have recen tly  pointed 

o u t th a t  a correction m u st be m ade  to  th is  resu lt to  allow  for th e  effect of a 

change in  phase angle. H owever, th is  correction  does li ttle  to  bridge the 

difference from  th e  resu lts  o f o th e r in vestigators , as m ay  be seen from  the 

following table.

W e have chosen w h at we consider to  be th e  m ost p robable  values of the 

sca tte rin g  factors o f copper an d  m anganese, based  on th e  experim ental work 

of B rad ley  an d  H ope. T hey  com pared th e  values o f th e  atom ic scattering 

fac to r of iron fo r different rad ia tions a t  th e  sam e value of sin 0/A. F o r both

where nK an d  x have th e  sam e m ean ing  as before. T ak en  as i t  stands,
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Crystal Structure of the Heusler Alloys. 361

Table IV .— The A tom ic S ca tte rin g  F a c to r  o f I ro n  ( / 110).

R adiation. A/ Ag. Glocker and Schafer* W yck off.f
B radley  

and H ope.

Calculated
from

equations  

(3), (4), (5).

Mo K a ............... 0 -41 16-3 ( 1 7 1 ) 16-3 17-2 17-55

C u  K a  ................... 0 -8 9 9 -4 (11-6 ) 11-8 1 6 1
(corrected)

16-3

N i K a ................... 0 -9 5 8 -0 — 10*1 — —

Co K a  ................... 1 0 1 — — — 1 4 1 12-6

Fe K a ................... 1 1 0 11-9 (13-5 ) 13-8 15-7 14-5
Cr K a ................... 1*31 12-7 — 17-2 15-25

* Glocker and Schafer have recently am ended these values, and in a private com m unication  
to  one o f the authors th e y  give values more nearly in agreem ent w ith those o f  W yekoff. These  
are given in  brackets.

t  Corrected for tem perature factor.

cobalt a n d  iron  rad ia tio n s  th e  sca tte rin g  fac to r w as found  to  be depressed 

below  th a t  for m olybden um  ra d ia tio n  b y  an  am o u n t w hich w as a lm o st in d e

penden t of sin  0/X. This is to  be ex pec ted  on th e o re tic a l grounds. The 

depressions are  due to  changes in  th e  co n tribu tions o f th e  K  elec trons to  th e  

atom ic scatterin g  fac to r for different values o f X/XK. These depend  on ly on 

nK w hich is a lm ost in dependen t o f sin  0/X.

F o r copper K a rad ia tio n , accord ing  to  C oster an d  K nol, th e  difference in  

scatterin g  fac to r should be g re a te r  as th e  value  o f sin  0/X increases, owing to  

th e  fac t th a t  / K is a com plex q u an tity . H ow ever, we m ay  sp lit u p  th e  atom ic  

scatte ring  fac to r in to  its  tw o com ponents, a  real com ponen t ( fR + / ' K) a n d  

an  im ag in ary  c o m p o n e n t , /" K w hich differs in  phase b y  7u/2. A t all v a lu e r  o f 

sin 0/X, ( /R + / ' K) should be depressed b y  th e  sam e am ount. I t  is therefo re 

possible to  ob ta in  for each rad ia tio n  a  characte ristic  value o f th e  depression of 

th e  “ r e a l55 com ponent of th e  /  curve of iron, w hich is in dep en d en t o f sin 0/X.

The depression in  /  in  th e  neighbourhood  of th e  K  ab so rp tion  edge is due to  a 

varia tion in  th e  con tribu tion  of th e  K  electrons to  th e  to ta l /  value of th e  a to m . 

W hether we use a com bination  of classical th e o ry  an d  q u an tu m  th eo ry  (as 

Prins has) or a pu rely  w ave-m echanical theory ,*  th e  v a ria tio n  in  th e  con

tribu tion  of th e  K  electrons to  th e  to ta l value fo r th e  a to m  is a  function  of 

X/XK.

I t  follows from  th is resu lt th a t  th e  anom alous dispersion b y  different elem ents 

can  be deduced from  experim ents on one elem ent only, p rov ided  th e  resu lts

* W e are indebted  to  D r. W illiam s o f  th is  U n iv ers ity  for discu ssing th is  m atter w ith  u s.
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are expressed in  te rm s o f X/XK. E xperim en ts  are  now  being  u n d ertak en  to 

te s t  th e  va lid ity  o f th is  generalization , th e  resu lts  o f w hich w ill be com m unicated 

in  due course.

In  fig. 4 th e  depressions in  th e  observed /  values fo r iron  are  p lo tte d  against 

th e  values of X/XK, X being th e  w ave-length  o f th e  rad ia tio n s  used (Mo, Cu, 

Co, Ee, Cr characte ristic  K a rad ia tions), a n d  XK th e  w ave-length  of th e  K

3 5 2  A . J .  B r a d le y  a n d  J .  W . R o d g e r s .

Fig . 4 .— D ep ression  o f  /  cu rves in  th e  region  o f  th e  K  ab so rp tion  edge. © P o in ts  from  

exp erim en ts on  F eA l (B ra d ley  a n d  H o p e) g iv in g  th e  difference b etw een  th e  norm al 

/  va lu es an d  th e  v a lu es fou n d  near th e  ab sorp tion  edge. F o r Cu rad ia tion  th e  value 

p lo tted  is n o t /  b u t f R -j- /  'K. f  "K is  ca lcu la ted  sep a ra te ly  from  th e  form ula

ab so rp tion  edge of iron. The values for m o lybdenum  rad ia tio n  are  ta k en  as 

zero. In  th is  figure th e  values of th e  depression a t  some dis tance from  the 

absorp tion  edge app roach  zero, a n d  th e  b iggest values of th e  depression are 

in  th e  im m ediate neighbourhood of th e  K  edge. P lo tte d  as a function  of 

X/XK, th eo ry  ind icates th a t  th e  values rep resen ted  on th is  curve should be 

universal. T hey  rep resen t th e  am ounts  to  be su b trac ted  from  th e  norm al /  

values w here th e  frequency  o f th e  rad ia tio n  is com parab le  w ith  th e  critical 

ab sorp tion  frequency.

In  order to  ob ta in  th e  value of th e  atom ic sca tte rin g  fac to r for a given 

elem ent w ith  a given rad ia tio n  for a given value of sin  0/X, we first ta k e  the 

“ norm al ” value of th e  atom ic sca tte rin g  fac to r of th e  elem ent for th e  required 

value of sin 0/X, an d  th e n  su b tra c t an  am oun t read  off from  th is  curve, fig. 4, 

to  allow  for th e  anom alous effects of th e  K  ab sorp tion  edge o n / K. Then we 

calcu late th e  am oun t of f" K from  eq uatio n  (4), assum ing nK =  1-3, and  in tro

duce a separa te  te rm  in to  th e  calcula tions to  allow for th e  effect of / " K when

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

8
 A

u
g
u
st

 2
0
2
2
 



Crystal Structure of the Heusler Alloys. 3 5 3

X/X K <  1. A n illu s tra tio n  w ill show  how  sim ple th e  p rocedu re  can  be. To 

find / Mn — fix fo r copper K a ra d ia tio n  we have

F =  V (/ma no rm al — / Mu depression —f M)2 +  / " K2. (6)

Table V contains  th e  necessary d a ta  fo r th e  ev a lu a tio n  o f  th is  expression , 

for th e  H eusler alloy .

Table V.— D epression in /C u r v e ,  due to  A nom alous D ispersion .

Scattering
elem ents.

Ak .
Zinc K a rad iation . 

A =  1-434 .

Copper K a radiation. 

A =  1-539.

Iron K a radiation. 

A =  1-934.

A l 13 ............... 7-936 0 0 0

Mn 2 5 ............... 1-892 1-0 1-0 3

Du 29 ............... 1-377 2 -5 1-5 0

S ubstitu tin g  in  eq u a tio n  (6),

F  =  V ( / Mn no rm al - / A1 -  1 -0)2 +  2 -72.

The no rm al /  curves o f alum in ium , m anganese, a n d  copper w ere o b ta in ed  

from  a p ap er b y  Jam es an d  B rindley.*  The alum in ium  values w ere ca lcu la ted  

by  H a rtre e ’s m eth od  of self-consisten t fields ; for copper a n  ap p ro x im ate  cu rve  

w as ob ta in ed  b y  th e  sam e m eth od  ; fo r m anganese, th e  Thom as values w ere 

used. I t  w as show n b y  B rad ley  an d  H ope th a t  th e  Thom as cu rve  fo r iron  

gave an  excellent ag reem ent for m olybdenum  rad ia tio n , a n d  since m anganese 

is th e  n ex t elem ent to  iron an d  does no differ g rea tly  in  atom ic  volum e, i t  

seems fairly  safe to  use th e  Thom as cu rve here, though , o f course, i t  is p ro b ab ly  

less accurate  th a n  th e  o th er tw o ca lcu la ted  b y  H a rtre e ’s m ethod .

I t  is now possible to  u n d ers tan d  th e  differences in  th e  pow der pho to g rap h s  

tak en  w ith  zinc, copper, an d  iron  rad ia tions. As Tab le V shows, th e  a tom ic 

scattering  factor of m anganese w ith  iron  rad ia tio n  is th ree  u n its  less th a n  

norm al, whereas th a t  of copper w ith  iron  rad ia tio n  is p rac tica lly  no rm al. 

H ence th e  difference in  sca tte rin g  pow er betw een copper an d  m anganese is 

three units greater th a n  norm al. On th e  o th er hand , w ith  zinc rad ia tio n  th e  

scattering  power of copper is depressed m ore th a n  th a t  of m anganese, so th a t  

th e  difference in  scatterin g  pow er betw een  copper an d  m anganese is now  

1*5 units less th a n  norm al. Thus iron  rad ia tio n  em phasizes th e  difference 

in  scattering power betw een copper an d  m anganese, w hereas zinc rad ia tio n

* ‘ Phil. M ag.,’ vol. 12, p. 81 (1 9 3 1 ); ‘ Z. K r ista llog .,’ vo l. 78, p. 470 (1931).

 D
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3 5 4 A . J .  B r a d le y  a n d  J .  W . R o d g e r s .

m inim izes th e  difference. This fa c t n a tu ra lly  leads to  differences in  the 

intensities  of th e  w eaker reflections, w here copper an d  m anganese w ork in 

opposite directions. As we shall see la te r, th e  figures given in  Tab le V provide 

n o t m erely  a  qua lita tiv e  exp lanation , b u t  u ltim a te ly  give a  perfec t quan tita tiv e  

ex p lan a tio n  of all th e  observed in tensities  (Table V II).

On th e  other h an d , if  we h a d  used  th e  d a ta  o f G locker a n d  Schafer or of 

W yekoff, we shou ld  have been led  to  th e  conclusion th a t  th e  sca tte rin g  powers 

o f copper an d  m anganese w ith  iro n  ra d ia tio n  ough t n o t to  be appreciably 

different from  those w ith  copper or zinc rad ia tio n . The differen t results 

ob ta in ed  w ith  different rad ia tio n s  prove  th a t  th is  is im possible. The theore tica l 

expressions (equations (3), (4), an d  (5 )) p red ic t a  difference betw een  th e  sca tte r

ing  powers of copper an d  m anganese fo r th e  d ifferen t rad ia tio n s  em ployed, 

b u t do n o t exp lain  th e  observed num erica l values  as well as our em pirical 

values from  th e  iro n-a lum in ium  experim en ts. Possib ly  m ore accu ra te  results 

w ould be ob ta in ed  if  th is  th e o ry  to o k  accoun t o f th e  v a ria tio n  in  th e  co n tribu

tio n  of th e  L  electrons as well as th e  K  electrons. The em pirical curve, given 

in  fig. 4, au to m atica lly  m akes th is  allow ance, an d  p a r tly  fo r th is  reason should 

give a c c u ra te /v a lu e s ,  if  th e  experim en ts  o f B rad ley  an d  H ope are  a  sufficient 

basis for th e  curve. I t  is ex pec ted  th a t  new  d a ta  w ill sh o rtly  becom e available, 

giving m ore po in ts  on th e  curve.

I I I .  Possible Structure for the Heusler Alloy. 

The u n it cell con ta ins 16 a tom s w ith  th e  co-ord ina tes

A

B

C

D

0  0  0 , 0  i  h i  0  h 2 i  0

H i . i f f ,
3  1 3
4  4 i f i

i: i  b -1- 0  0 , o  - i  o , 0  0  i

1  I  1
3  1 1  
J i l l H i .

1 1 3  
4  4  4

S ym m etry  considera tions d iv ide th e  a tom s in to  th e  four sets A, B, C, D, as 

show n in  fig. 2. The prob lem  is to  find w hich of these  positions are occupied 

by  copper, alum in ium , an d  m anganese a tom s respectively. The d a ta  of 

Tab le I I I  p o in t th e  w ay  to  a  solution.

Three fac ts  m u st be exp la ined  :—

(1) The existence of th ree  series of reflections, one strong  series of lines 

[(1) 220, 400, 422, 440], an d  tw o w eak series of superla ttice lines

442']
L(2) 200, 222, 420, 600_

333

(3) 111, 311, 331, 511, 531
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(2) The su perla ttioe lines o f series (3) are  defin itely  w eaker th a n  th o se  of

series (2).

(3) The difference in  in te n s ity  o f th e  tw o  series o f su p e rla ttic e  lines dep en ds 

on th e  w ave-leng th  o f th e  rad ia tio n , being g re a te s t fo r iro n  ra d ia tio n  

and le ast fo r zinc rad ia tio n .

L e t th e  sca tte rin g  pow ers in  th e  fou r g roups b e / a, f b, f c, a n d /*  respectiv ely . 

Then  th e  s tru c tu re  fac to rs  for p lanes  o f ty p e s  (1), (2), (3) m a y  be  w ritte n  in  

th e  following w ay  :—

(1) f —fa + / »  + / e  + /d

(2) f  == (fa + / . ) - ( / »  + / d )

(3) 7 = v U  - / « ) 2 +  (/d - A ) 2.

F ro m  these  eq uatio ns i t  m ay  be seen th a t  th e  presence o f reflections o f b o th  

ty p es  (2) an d  (3) requ ires one group  to  be ap p rec iab ly  d ifferen t in  sca tte rin g  

pow er from  th e  o th e r th ree . S ince copper a n d  m anganese are  n o t v e ry  d ifferen t 

in  sca tte rin g  power, th is  co nd ition  is eq u iv a len t to  a  req u irem en t th a t  m ost 

if  n o t all th e  alum in ium  atom s should be so rted  o u t in to  one group, say  B.

I f  th e  atom s in  groups A, C, D  were eq u iv a len t in  sca tte rin g  pow er, reflections 

of types  (2) an d  (3) w ould be equally  s trong . This is n o t so. The g rea te r 

in ten sity  of ty p e  (2) reflections shows th a t  th e  sca tte rin g  pow er o f D  groups is 

in te rm ed ia te  betw een those o f A  an d  C on th e  one h an d  a n d  B  on th e  o th e r. 

This ad m its  of tw o in te rp re ta tio n s : e ith er m anganese a tom s go in to  D  

positions, or th e  a lum in ium  atom s are n o t com plete ly  so rted  o u t in to  B  positions, 

a m in o rity  o f th e  alum in ium  atom s being  found  in  D  positions.

The second a lte rn a tiv e  w ould be ana logous to  th e  iron  alum in ium  alloys* 

con taining a  little  m ore th a n  th e  co rrect a m o u n t o f alum in ium  to  sa tisfy  th e  

form ula F e 3Al. H ere m ost o f th e  alum in ium  atom s occupy  position  B, b u t a 

certa in  p roportion m ove over to  position  D , leav ing B  w ith o u t its  fu ll com 

plem ent of a lu m in iu m  ato m s.

To distinguish betw een th e  tw o  a lte rn a tiv es , i t  is necessary  to  m ake use of 

th e  fac t th a t  th e  in tensities  o f th e  tw o sets of superla ttice  lines differ con

siderably w ith  different rad ia tions (see Table I I I ) .  This could n o t be explained 

by  a partia l d is tr ibu tion  of a lu m in iu m  betw een positions B  an d  D . I t  can, 

however, be explained b y  placing m anganese a tom s in  D  an d  alum in ium  atom s 

in  B. This d is tribu tion  gives s tru c tu re  fac to rs  2Cu — (Mn -f- Al) an d  

(Mn — Al) for types (2) an d  (3) respectively. The difference is 2 (Cu — Mn). 

As we have shown in  a  previous p a rag rap h , th e  scatterin g  pow er of copper 

* Bradley and J a y , ‘ Proc. R oy . S o c .,’ A , vo l. 136, p . 210 (1932).

Crystal Structure of the Heusler Alloys. 3 5 5
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3 5 6 A . J .  B r a d le y  a n d  J .  W . R o d g e r s .

exceeds th a t  of m anganese m ore w ith  iro n  rad ia tio n  th a n  w ith  copper an d  zinc 

rad ia tions. W ith  th is  s tru c tu re , we shou ld  there fo re  expec t th a t  th e  in tensity  

differences betw een reflections o f ty p e  (2) an d  (3) w ould  be  g rea tes t w ith  iron 

rad ia tio n  an d  le ast w ith  zinc rad ia tio n , w hich is in  com plete accordance w ith 

th e  facts.

The above argum ents show th a t  m ost o f th e  a lum in ium  atom s are  in  position 

B an d  m ost of th e  m anganese atom s are  in  position  D , b u t  th e  so rting  o u t of 

th e  atom s canno t be com plete, because th e  com position  of th e  alloy  does no t 

correspond exac tly  to  th e  fo rm ula  C u2MnAl. I n  o rder to  decide th e  exact 

arrangem ent, a  q u a n tita tiv e  te s t  is necessary. Before com paring  th e  observed 

intensities w ith  th e  ca lcu la ted  values  fo r th e  m o st p robab le  a rrangem ent, we 

shall first give ca lcula tions fo r th ree  d ifferent a rrangem en ts  of m anganese atom s 

w ith  th e  ideal com position C u2M nAl. I t  w ill be seen th a t  th e  differences 

betw een th e  in ten sities  of th e  su p erla ttice  lines in  th e  th ree  cases are  so large 

th a t  i t  is possible to  be qu ite  su re  o f th e  u ltim a te  solution.

The th ree  arrangem ents  considered first a re  :—

(i) Mn in  D , Cu in  A  a n d  C, Al in  B.

(ii) M n an d  Cu a t  ran d o m  in  A, C, a n d  D , Al in  B.

(iii) Mn in  A, Cu in  C a n d  D , Al in  B.

Tab le V I.— C om parison o f O bserved a n d  C alcu la ted  In ten sities  fo r Three

D ifferent S tructu res.

Line.
Iron K a radiation. 

A =  1-934.
Copper K a radiation. 

A — 1-539.

Observed C alculated. Observed Calculated.

7*7 w ith w ith
ntcL

tem perature tem perature
correction. i. ii. iii. correction. i. ii. iii.

3 i n 14 10 27 48 -5 33 28 43 59
4 200 36 49 14 5 39-5 51 23 14
8 220 340 354 354 354 600 593 593 593

11 311 4 -5 2 10 22 11 9 -5 17 26
12 222 9 -5 12 3 0 -5 8 12 5 3
16 400 57 56 56 56 88 90 90 90
19 331 1-5 1 4 9 -5 4 3-5 6 8-5

20 420 11-5 17 4 0 -5 10 12 5 2-5

24 422 156 148 148 148 173 167 167 167

27 /
511
333 } 2

1 4 -5 11 2 -5 3 4 5*5

32 440 97 95 95 95 51 54 54 54

35 531 3 -5 2 -5 12-5 30 3-5 3-5 4 5-5

36 600
442 j- 29 46 10 2 4 -5 5 2 -5 2
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3 5 7

In  order to  m ake th e  observed  in ten sities  com parab le  w ith  th e  ca lcu la ted  

values, th e y  m u st be  red u ced  to  th e  sam e scale. Th is  process is com plica ted  

because th e  observed va lues are  fo u n d  a t  ro om  te m p e ra tu re , w hereas th e  

ca lcu la ted  values a p p ly  on ly  a t  th e  abso lu te  zero of te m p e ra tu re . This causes 

th e  observed  in tensities  to  fa ll off to o  qu ick ly  w ith  in creasin g  values o f sin  0/X. 

The observed values shou ld  be  re la te d  to  th e  ca lcu la ted  values in  th e  follow ing

W a y  • ^ B  sin 2 0

l o b s .  = ::  I c a lc .  ?

w here X is th e  w av e-leng th  a n d  0 th e  g lanc ing angle. B  is a  p h y sica l c o n s ta n t 

w hich is th e  sam e fo r all rad ia tio n s . K  is a rb itra ry  a n d  differs fo r each ex p eri

m en t, depending  on th e  ex perim en ta l conditions. The scales o f th e  observed  

value? are  ad ju s ted  b y  choosing values o f K  a n d  B  to  give th e  b e s t m easure  of 

ag reem en t betw een  th e  observed  a n d  ca lcu la ted  reflections fo r p la nes 220 , 

400, 422, an d  440, th e  values  o f w hich  are  in d ep en d en t o f th e  a tom ic  a rra n g e 

m ent. I t  w as found  th a t  th e  b es t ag reem ent betw een  observed  a n d  ca lcu la ted  

values w as ob ta in ed  b y  p u ttin g  B  =  3.

Table V I includes resu lts  from  iron  an d  copper rad ia tio n s . The zinc values  

are n o t included as th e  difference in  th e  sca tte rin g  pow ers o f copper a n d  

m anganese is too sm all to  give decisive resu lts. I t  can  be seen from  th is  ta b le  

th a t  a lm ost all th e  observed in ten s ity  values o f th e  su p erla ttice  lines lie be tw een  

th e  ca lcu la ted  values fo r s tru c tu re  (i) an d  s tru c tu re  (ii). S tru c tu re  (iii) is, 

therefore , ru led  out.

The obvious in te rp re ta tio n  of th is  re su lt is th a t  s tru c tu re  (i) is essen tia lly  

correct, b u t since th e re  are  to o  few m anganese atom s to  fill th e  w hole o f th e  D  

positions some o f th e  m anganese has been  rep laced  b y  copper. This has th e  

effect of reducing th e  difference in  sca tte rin g  pow er betw een  A  a n d  C on th e  

one h an d  an d  D  on th e  other. The fo rm ula  for th e  a lloy m ay  be w ritte n  

as Cu2(MnCu)Al. I t  m ust, how ever, be ta k e n  in to  accoun t th a t  th e re  is a  

sm all proportion  of a lum in ium  atom s in  excess. This m u st e ith er replace 

copper in  A and  C or m anganese in  D. Good ag reem en t w ith  th e  observed 

intensities can only be ob ta ined  if  i t  is supposed th a t  th e  excess o f a lum in ium  

is equally d is tribu ted  betw een positions A, C, an d  D. The m ost probab le  

atom ic distribu tion  is as follows :—

A atom s : 0*95 copper, 0*05 alum inium .

B atom s : A l  alum inium .

C atom s : 0*95 copper, 0*05 alum in ium .

D  atom s : 0*3 copper, 0-65 m anganese, 0 -05 alum inium .

Crystal Structure of the Heusler Alloys.
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3 5 8 A . J .  B r a d le y  a n d  J .  W . R o d g e r s .

The calcu la ted  in tensities  for th is  s tru c tu re  are  com pared  w ith  th e  observed 

values in  Table V II. The scale has ag ain  been  fixed to  give th e  bes t agreem ent 

for th e  strong  reflections, w hich dep en d  on ly  on th e  com position an d  n o t on the 

m anner in  w hich th e  atom s of d iffe ren t k in ds are  d is tribu ted . The intensities 

of th e  superla ttice  lines are  th u s  o b ta in ed  on an  ab so lu te  scale, an d  th e  close 

ag reem en t w ith  th e  ca lcu la ted  values can  therefore be ta k e n  as a  conclusive 

p roo f th a t  b o th  th e  s tru c tu re  is co rrect a n d  also th a t  th e  em pirical ru le  for 

c a lc u la tin g /v a lu e s  in  th e  neighbourhood o f th e  K  ab so rp tion  edge is reliable.

Table V II .— Com parison o f th e  O bserved a n d  C alcu lated In tensities  for the

M ost P ro b ab le  S tru c tu re .

Line.
Iron K a rad iation. 

A =  1-934.
Copper Ka 

A =  1
> rad iation . 
•539.

Zinc K a 
A =  .

radiation.
1-434.

m . hkl. Observed. Calculated. Observed. Calculated. Observed. Calculated.

3 I l l 15 15 32*5 30 37 40
4 200 37-5 37 38-5 39 39 36
8 220 353 364 587 589 655 647

11 311 5 5 11 11-5 10 11
12 222 10 8 -5 8 9 7 8
16 400 59 57 86 87 95 95
19 331 1-5 2 4 4 3 4
20 420 12 12 9 -5 9 -5 6 7
24 422 161 153 169 164 172 171

27 /
511
333 } 2

2 2 -5 3 4 3

32 440 101 98 50 52 49 50
35 531 3 -5 5*5 3 -5 3 — —

36 ^
600
442

j* 30 32 4 -5 3 -5 — —

In  conclusion, th e  au th o rs  th a n k  Professor W . L . B ragg, F .R .S ., for his 

k in d  in te res t in  th e  w ork, w hich w as carried  o u t in  th e  P hysical Labora to ries 

of th e  U niv ersity  o f M anchester.

Summary.

In  an investigation  of th e  ferrom agnetic  alloys o f copper, m anganese, and  

alum inium  an  alloy  w as found w hich showed a n  alm ost com plete change of 

c ry sta l s tru c tu re  due to  h e a t trea tm e n t. D rillings o f th is  alloy, w hich had 

been annea led  a t  500° for several hours an d  cooled slowly to  room  tem peratu re , 

were found  to  have  th e  8 copper a lum in ium  (Cu 9A14) type  of s truc tu re . The 

form ula m ay  be w ritten  as (CuM n)9Al4, th e  atom s occupying th e  sam e positions 

as in  Cu 9A14. The annealed  an d  slowly cooled alloy is non-m agnetic, b u t on
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Crystal Structure of the Heusler Alloys. 3 5 9

quench ing from  800° C. i t  becom es s tro n g ly  fe rrom agnetic . The s tru c tu re  is 

now en tire ly  b o dy-cen tred  cubic, w ith  a  face-cen tred  su p erla ttice .

A  q u a n tita tiv e  X -ra y  ex am in a tio n  o f th e  ferrom agnetic  a llo y  show ed th e  

u tility  of a  new  m eth od  for d is tingu ish in g  b etw een  e lem en ts  o f a lm o st equal 

sca tte rin g  pow er. On co m parin g  X -ra y  pow der p h o to g rap h s  o f th e  sam e 

specim en m ade w ith  rad ia tio n s  from  iron , copper, a n d  zinc an tica th o d es , i t  w as 

found  th a t  th e  re la tiv e  in tensities  o f th e  w eaker reflections v a rie d  w ith  th e  

w ave-length  o f th e  rad ia tio n . This fa c t m ade i t  possible to  d is tin g u ish  th e  

m anganese a tom s from  th e  co pper a tom s, w hich w ould  n o t h av e  been  possible 

if  resu lts  from  on ly  one ra d ia tio n  h a d  been  av a ilab le . The difference be tw een  

th e  a tom ic sca tte rin g  fac to rs  o f copper a n d  m anganese w hich  is v e ry  sm all w ith  

zinc rad ia tio n  becom es fa ir ly  la rge w ith  iron  rad ia tio n .

The ideal s tru c tu re  o f th e  ferrom agnetic  a llo y  w ould be :—

Cu  ..........  0 0 0  O i l  J  0 £ £  £ 0

i i £  1 0 0  0 1 0 0 0 1

Al .........  i i i  i i i  i i i  i i i

Mn ..........  I l l  i  * i f i  i i |

I n  th e  specim en exam ined  th e re  was a deficit o f m anganese a to m s. The 

alloy  was nevertheless hom ogeneous, some copper ta k in g  th e  place o f th e  

m issing m anganese atom s. The alum in ium  a tom s in  excess were d is tr ib u ted  

equally  in  th e  positions no rm ally  occupied b y  copper an d  m anganese.
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