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The Structure of the ~-phase in the Transit ion Metal-Zinc Alloy Sys tems  

BY P. J. BROWN* 

Crystallographic Laboratory, Cavendish Laboratory, Cambridge, England 

(Received 14 July 1961) 

The  s t r u c t u r e  of t he  ~-phases f o r m e d  in t h e  a l loy s y s t e m s  M_u-Zn, F e - Z n ,  a n d  C o - Z n  has  been  
d e t e r m i n e d ;  t h e  s t r u c t u r e  is desc r ibed  a n d  the  m o s t  p robab l e  pos i t ion  for  t h e  t r ans i t i on  m e t a l  
a t o m s  is pos tu l a t ed .  T h e  t h r ee  c o m p o u n d s  are  c o m p a r e d  in de ta i l  a n d  the  smal l  d i f fe rences  b e t w e e n  
the i r  s t r u c t u r e s  a re  discussed.  

1. Introduct ion 

Schramm (1937, 1938, 1940) has shown that  in each of 
the alloy systems Mn-Zn, Fe-Zn and Co-Zn the inter- 
mediate phase most rich in zinc is formed peritectically 
and contains approximately 93 at.% of zinc. GStzl 
et al. (1941) also showed that  these three compounds 
which were named F-phases are isomorphous; they 
determined the lattice parameters which are given in 
Table 1, and showed that  the possible space groups 
are C2, Cm and C2/m. 

Table 1. Cell dimensions of the three F-phases 
Values found by  GStzl et al. 

CoZnla FeZnla ~IZn13 
a 13-46 kX. 13.65 kX. 13.65 kX. 
b 7.49 7.61 7.61 
c 5.06 5.10 5.10 

/~ 127 ° 5" 128 ° 44" 128 ° 44" 

Values found in the present investigation 

CoZnla (•) FeZnl  a (£) MnZnl a (~) 
a 13.306± 0-033 13.424 ± 0.005 13.483 ± 0.005 
b 7.535 ± 0.002 7.6080 ± 0.001 7.6626 _ 0-001 
c 4.992--+0.012 5.061 ±0.003 5.134 +_0"003 

126 ° 47'±15" 127 ° 18 '±2 '  127 ° 47"±2" 

The object of the work described here has been to 
determine the general structure of the three com- 
pounds; to refine each of them with sufficient precision 
to enable detailed comparisons to be made; and thus 
to obtain information about the changes in atomic 
environment brought about by a change in the atomic 
number of the transition metal. 

2. Mater ia l  

The crystals used in this investigation were extracted 
electrolytically from ingots containing more than 
99% wt. of zinc. Many of the crystals extracted by 
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this means, although showing well developed faces, 
gave very broad X-ray reflexions. The broadening of 
the reflexions was roughly proportional to the crystal 
size, and appears to arise because the range of mis- 
orientation between the crystallites of the mosaic 
structure is rather greater than is usual. 

Analyses of extracted crystals giving very broad 
reflexions always gave a composition richer in the 
transition metal than the compositions given by 
Schramm. This probably indicated that  the alloy from 
which the crystals were extracted was not truly in 
equilibrium, and these crystals probably contain a 
small proportion of a second phase, either as cores or 
else in the boundaries of the crystal mosaic. By using 
very dilute alloys and long heat treatments it was 
found possible to obtain crystals of the manganese 
and iron phases which gave sharp reflexions. No very 
good crystals of the cobalt phase were ever prepared. 
The extracted crystals of all three phases were in the 
form of long needles whose axis was parallel to [001]; 
the needles were of rhombic cross section, the faces 
developed being the form (110). 

Hartmann et al. (1955) reported a zinc-rich chro- 
mium phase crystallizing in the form of needles of 
rhombic section with the lattice constant parallel 
to the needle axis equal to 5.23 kX. and it seemed 
probable that  this would prove to be yet another 
~-phase. Accordingly in order to investigate this 
possibility an alloy was prepared containing 5% wt. 
of chromium; after about one week's heat treatment 
under argon at 500-550 °C. the chromium had dis- 
solved and crystals were extracted from the slowly 
cooled ingot. By far the major part  of the extracted 
crystals were thin hexagonal platelets which are 
presumably of the previously reported hexagonal 
intermediate phase. A few very thin needle-shaped 
crystals were also extracted and these were shown by 
X-ray diffraction to be isomorphous with the other 
F-phases. The small size of these crystals, however, 
precluded the complete structure analysis, nor were 
sufficient crystals obtained for chemical analysis. 
Further investigation is therefore needed to show 
whether or not this is a true equilibrium binary phase. 
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3. Unit  cel l  and space group 

Laue, oscillation and Weissenberg photographs con- 
firmed the monoclinic classification of the S-phases 
given by Schramm. The cell dimensions which were 
determined for the crystals used in the structure refine- 
ments are given in Table 1. Those for the manganese 
and iron phases were determined by a combination 
of the methods due to Farquhar & Lipson (1946) and 
Weisz, Cochran & Cole (1948). Because of the broad 
reflexions the Weisz, Cochran & Cole method could 
not be used for the cobalt-zinc crystals and for this 
reason, and also because of the paucity of strong 
reflexions of suitable spacing in the [010] zone, the 
a, c and fl parameters for this phase are not known 
with great accuracy. 

N(z) 
70 D [9 0 

60 O . . - ' "  

50 ~ , "  

40 0 ,,'" 

0 ," 
30 [010] projection 

/ /" 13 [001] ,, 

20 / ~  ,//z///z'// 

10 / z / 
Z 

012 0:4 0'.6 ' 0:8 " 1:0 

Fig. 1. Tests for een t rosymmet ry  of the  [010] and [001] 
projections of the  s t ructure  of CoZn13. 

The three possible space groups for the F-phase are 
C2, Cm and C2/m. Statistical tests were applied to 
the intensity data from the [001] and [010] zones of 
the cobal~zinc phase and the distribution curves 
obtained are shown in Fig. 1. These were taken to 
show that  both these projections were centre- 
symmetric and hence that  the proper space group is 
C2/m. 

4. Contents of the unit cell  

The volume of the unit cell of the ~-phase is approx- 
imately 400 A 8, and the density of the cobalt~zinc 
phase which was measured by displacement is 7.0 _+ 0-2 
g.cm.-3. The mass of the contents of the unit cell is 
therefore 1680_+50 A.M.U. Using the composition 
found by Schramm (1938) this gives 26 zinc atoms and 
2 cobalt atoms per unit cell. 

4. Determinat ion  of the structure 

The y axis of the structure which is of length 7.54 /~ 
is intersected at heights 0 and ½ by mirror planes. 
The atoms in the structure, if they are to have their 
normal radii, must lie either on these planes or at least 
1.3 A away from them. The y coordinates of the 
atoms are therefore restricted to the values 0 and ½ 
or to the ranges 0.17-0.33 and 0.67-0.83; the atoms 
accordingly lie in alternate flat and puckered layers 
perpendicular to the y axis. The relative numbers of 
atoms in the flat and puckered layers were determined 
by means of a one-dimensional Fourier projection on 

,=0 ~ ~= 0.2.5 

Fig. 2. One-dimensional project ion of the  s t ruc ture  on [010]. 

[010]. The signs of the 0k0 structure amplitudes were 
chosen to give a positive peak at the origin and no 
further positive peak within 1.3 A of this. Only one 
combination of signs satisfied these two conditions; 
the projection is shown in Fig. 2. From the ratio of 
the areas under the two peaks in this projection the 
number of atoms in the flat layers of the structure 
was deduced as twelve, i.e. six in each layer. The 
narrow composition range of the F-phase suggests that  
the structure is highly ordered, so that  the two 
transition metal atoms in each cell must lie on centres 
of symmetry say 2(a) positions. With this in mind and 
knowing the numbers of atoms in the flat and puckered 
layers, consideration of the packing requirements 
enabled an approximate structure to be put forward. 
The positions of the atoms in this structure were: 

A 2 T.M. or 2 Zn0 in 2(a) (0, 0, 0) 
C 2Zn0 or 2T.M. in 2(c) (0,0,½) 
I1 4 Znt in 4(i) (xl, 0, zl) 
I2 4Zn2 in 4(i) (x2, 0, z2) 
Ja 8 Zna in 8(j) (x~, y3, z3) 
J4 8 Zn4 in 8(j) (xa, ya, z4) 

The values of the positional parameters of the structure 
are given in Table 2. 

The atoms in this proposed structure are resolved 
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Table 2. Atomic parameters of the ~-phases 
Standard Parameters of 

Pa.rameter CoZniz FeZnl3 MnZnl3 deviation trial structure 

xi 0.1110 0.1120 0.1155 0-0005 0.10 
z 1 0.2920 0.2920 0.2910 0.002 0.31 
x 2 0.2190 0.2195 0.2232 0.0005 0.21 
z 2 0.0770 0.0730 0.0735 0-002 0.19 
x 3 0.0780 0.0770 0.0750 0-0005 0.10 
Y3 0.2975 0-2920 0.2920 0.0007 0.31 
z 3 0.8340 0- 8350 0-8330 0-001 0- 83 
x 4 0.1765 0-1760 0.1744 0.0005 0.18 
Y4 0.1765 0.1780 0.1810 0.0007 0.19 
z~ 0-5530 0.5450 0.5485 0.001 0-56 

in bo th  the  [001] and [010] projections, and  accord- 
ingly da ta  from these projections were used to confirm 
the s t ructure  and  in the s t ructure refinements.  

5. R e f i n e m e n t  of the  s t r u c t u r e s  

The reflexions from the  [010] and [001] zones of the 
three ~-phases were recorded on normal-beam Weis- 
senberg photographs  using Mo K~ rad ia t ion  with 
mult iple  films. The intensit ies were es t imated by visual 
comparison with an in tens i ty  scale and were corrected 
for the Lorentz,  polarizat ion and  absorpt ion effects. 
The absorpt ion factors were calculated by the digital  
computer  EDSAC II ,  using the programme devised 
by  Wells (1960). The tempera ture  factor and the effect 
of resolution of the ai ,  a2 doublet  were t aken  into 
account  by scaling the  observed structure ampli tudes 
to those calculated, in regions of sin 0/2. Intensi t ies  
for the  cobal t-zinc phase could be measured only out 
to sin 0/2=0"8 A -1 for the other two phases measure- 
ments  were made out  to sin 0/2= 1.0/~-1. 

Using the  positions of the  tr ial  s tructure and giving 
all the a toms equal weight, the  s t ructure factors for 
both  projections were calculated to sin 0/2=0"5 t~-1 
and compared with the observed s tructure ampli tudes  
of the  CoZn ~-phase; a fair degree of agreement  was 
observed and after appropr ia te  scaling the agreement  
index was 0.40. The Fo syntheses calculated using the 
signs of the  calculated structure factors showed the 
main  features of the proposed s tructure and indicated 
some atomic shifts. From this point  the  structures 
were refined in both  the  [001] and [010] projections 
using Fo-F~ Fourier  syntheses;  the final R-factors 

w~re: 
[OlO] [001] 

CoZn 0.104 0-101 
FeZn 0.121 0.098 
MnZn 0.104 0-092 

The final parameters  are given in Table 2 and the 
final Fo syntheses for the manganese zinc phase are 
shown in Fig. 3. Fig. 4 shows the final Fo-Fc syn- 
thesis for the [010] project ion of the FeZn phase;  
i t  will be noted  t h a t  the agreement  for this project ion 
is significantly less good t han  for the others and this 
disagreement shows up in the synthesis as a negative 
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Fig. 3. (a) Final [010] projection of the structure of ~-nZnl~. 
(b) Final [001] projection of the structm'e of MnZnis. 
Positive contours have been drawn a t  equal arbitrary 
intervals. 

• ( L  "2 

Fig. 4. Final Fo--_Fc synthesis for FeZnlz projected on (010). 
The contour intervals are one-fifth those of Fig. 3, negative 
contours are shown as broken lines, squares mark the atomic 
sites. 

peak in the posit ion of the  Zn3 a tom which has 
positive areas on either side of it. This may  be t aken  
as evidence of an asymmetr ic  tcmpera.ture v ibra t ion  
of this a tom or a l te rna t ive ly  could be explained if the 
t rue space group of the s t ructure were less symmetr ic  
t ha n  C2/m. The accuracy of the da ta  does not  however 
just i fy any  definite conclusions and any  deviat ion 
from cen t rosymmetry  is certainly small. 

I t  has not  been possible to ident ify the t r ans i t ion -  
metal  atoms from the  peak heights on the electron- 
densi ty  projections. These are almost  certainly located 
on one of the centres of symmet ry  of the s t ructure  
and it  is a t  these points tha t  the greatest  errors in the 
electron densi ty occur. 
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6. D e s c r i p t i o n  of  the  s t r u c t u r e  

T a b l e  3 g i v e s  t h e  m e a n  i n t e r a t o m i c  d i s t a n c e s  f o r  t h e  

s i x  i n d e p e n d e n t  a t o m s  of  t h e  s t r u c t u r e .  I t  c a n  be  s e e n  

t h a t  i n  a l l  t h r e e  p h a s e s  t h e  m e a n  of  t h e  i n t e r a t o m i c  

d i s t a n c e s  f o r  t h e  a t o m s  i n  t h e  2(c) p o s i t i o n s  is s i gn i f -  

i c a n t l y  s h o r t e r  t h a n  t h a t  of  a n y  of  t h e  o t h e r s ,  w h i c h  

p r o v i d e s  s t r o n g  e v i d e n c e  f o r  l o c a t i n g  t h e  t r a n s i t i o n  

m e t a l  a t o m s  o n  t h i s  s i t e .  T h e  a t o m s  i n  t h e s e  s i t e s  

Table 3. Mean interatomic distances in the three ~-phases 
Values are in A, l imits  + 0.005 A 

Posi t ion CoZn13 FeZn13 MnZn13 
2(a) 2.688 2.695 2.724 
2(c) 2.575 2.591 2.605 
Zn 1 2.651 2.673 2-686 
Zn 2 2.738 2.766 2-779 
Zn 3 2.720 2.739 2.748 
Zn a 2.704 2.724 2-735 
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Fig. 5. Schematic  drawing  of the  s t ruc ture  viewed down [001]. 

are surrounded by twelve zinc atoms at the vertices 
of a slightly distorted icosahedron; the icosahedra 
link together sharing one pair of opposite vertices, 
the Zn0 atoms, to form chains parallel to the c axis. 
These chains pack together in an approximately 
hexagonal array, and the Znl atoms fit into the inter- 
stices between chains. The arrangement is i l lustrated 
in Fig. 5. 

7. D i s c u s s i o n  

A complete list of the interatomic distances in the 
three compounds is given in Table 4. The shortest 
interatomic distance in the structures is that  between 
the transition metal  atom and Zn0, this distance is 
in all cases significantly shorter than the sum of the 
12-coordinated radii of the atoms. The Zn0 atom is 
the only zinc atom in the structure which is in contact 
with two transition metal  atoms and the fact that  this 
distance is an abnormally short one, and that  the Zn0 
atom lies on the straight line joining the two transition 

Table 4. Interatomic distances in the three E-phases 
Standard  

A t o m  Neighbour  CoZn13 FeZnla MnZnx3 devia t ion  

T.M. 2 Zn 0 2.496 2.530 2.567 0.006 
2 Zn 2 2.594 2.595 2.620 0.011 
4 Zn 3 2.609 2.599 2.614 0.009 
4 Zn 4 2.571 2.610 2.607 0.009 

Zn 0 2 Zn 2 2.701 2.738 2.794 0.011 
4 Zn 3 2.796 2.783 2.797 0.009 
4 Zn 4 2.671 2.669 2.695 0.009 

Zn 1 1 Zn 1 2.628 2.647 2.687 0.022 
1 Zn 2 2.550 2.576 2.584 0.016 
2 Zn 3 2.674 2.716 2.745 0.012 
2 Zn 3 2.558 2.591 2.606 0.012 
2 Zn 4 2.782 2.787 2.787 0.012 
2 Zn 4 2.653 2.654 2.658 0.012 

Zn 2 2 Zn 3 2.895 2.940 2.928 0.012 
2 Zn 3 2.700 2.693 2.738 0.012 
2 Zn a 2.865 2.902 2.892 0-012 
2 Zn a 2.675 2.725 2.729 0.012 
2 Zn 4 3.057 3.094 > 3.2 0.012 

Zn 3 1 Zn 3 2.671 2.697 2.703 0.014 
1 Zn 3 3.052 3.165 3.187 0.014 
1 Zn a 2.845 2.878 2.896 0.010 
1 Zn a 2.862 2.840 2.792 0.010 
1 Zn a 3.130 3.105 3.159 0.010 
1 Zn 4 2.592 2.652 2.655 0.010 

Zn 4 1 Zn 4 2-564 2.540 2.601 0.014 
1 Zn 4 2.660 2-709 2.774 0.014 

Values are in ~mgstr6m uni ts ;  T.M. s tands  for t rans i t ion  meta l :  

Other  neighbours  

2 T . M .  

1 T . M . ,  1 Z n  0, 
1 Zn 1 

1 T . M . ,  1 Z n  o, 
2 Znl,  2 Zn 2 

1 T . M . ,  1 Z n  o, 2 Z n  1, 
3 Zn 2, 4 Zn a 

Mn, Fe  or Co. 
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me ta l  a toms  is in  accordance  w i th  f indings  for a lumi-  
n i u m  r ich  a l loys  of t r a n s i t i o n  me ta l s  (Brown,  1959). 

E x a m i n a t i o n  of Tab le  4 shows t h a t  in  v e r y  few 
cases are the  differences in  i n t e r a tomic  d i s tances  
be tween  the  th ree  s t ruc tu res  large enough  to be 
s igni f icant .  H o w e v e r  a s ign i f icant  t r e n d  can be deduced  
f rom the  l is t  of m e a n  d i s tances  (Table 3), wh ich  shows 
t h a t  as t he  a tomic  n u m b e r  of the  t r a n s i t i o n  m e t a l  
a t o m  is r educed  on pass ing  f rom ~-CoZn to $-MnZn, 
t he  m e a n  rad i i  of al l  t he  a toms  in  the  s t ruc tu re  
increase.  I t  is of in te res t  t h a t  th i s  effect  is exh ib i t ed  
to  m u c h  the  same e x t e n t  b y  al l  t he  a toms  in t he  
s t ruc tu re  a n d  no t  p r inc ipa l ly  b y  the  t r a n s i t i o n  m e t a l  
a toms.  I t  m a y  be t a k e n  as evidence  t h a t  d-electrons 
f rom the  t r a n s i t i o n  m e t a l  a toms  pa r t i c i pa t e  no t  on ly  
in  bonds  w i t h  the i r  i m m e d i a t e  ne ighbours  b u t  con- 
t r i b u t e  to  the  bond ing  of t he  s t ruc tu re  as a whole.  

I wish  to  t h a n k  Prof.  N. F. Mort  a n d  Dr  W . H .  
Tay lo r  for p rovis ion  of facil i t ies a n d  for the i r  in te res t  
a n d  encouragement .  I am mos t  g ra te fu l  to Dr  Wi lkes  

of t he  M a t h e m a t i c a l  l a b o r a t o r y  for p rov is ion  of t i m e  
on the  EDSAC.  I also acknowledge  m y  indeb t ednes s  
to  the  D e p a r t m e n t  of Scient if ic  and  I n d u s t r i a l  Re-  
search for the  a w a r d  of a research fel lowship du r ing  
the  t enure  of which  th i s  work  was  done.  
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(Eingegangen am 18. Juli  1961, wiedereingereicht am 8. November 1961 

Die zur S t ruktm'bes t immung ben6tigten Betragsquadra te  
der S t ruktur faktoren  werden im allgemeinen aus Mes- 
sungen an Einkris ta l len gewonnen. In  manchen F~llen 
stehen jedoch keine Einkris tal le  zur Verfiigung. Man 
muss dann  polykristal l ines Material  verwenden. Da 
hierbei die Kristal l i te  gewisse Vorzugsorientierungen 
besitzen kSrmen, h/~ngt die in einer bes t immten Rich tung  
reflektierte Intensit/~t ausser yon der Kr is ta l l s t ruktur  
aueh yon der als Textur  bezeichneten Orientierungs- 
vertei lung der Kristal l i te  ab. Dariiber hinaus t re ten 
'Koinzidenzen'  symmetr isch ungleichwertiger Reflexe 
auf, so dass die entsprechenden St ruktur faktoren  nicht  
einzeln erhal ten werden k6nnen. Die dadurch bedingten 
Schwierigkeiten kSnnen jedoch durch quant i ta t ive  Be- 
rt icksichtigung der Orientierungsvertei lung der Kristal l i te  
t iberwunden werden. Je  nach der Ar t  der speziellen 
Textur  t re ten verschiedene Probleme in den Vorder- 
gTund. Die verh~ltnism/~ssig scharfen Texturen  liefern 
Reflexe, die denen der Einkris ta l le  ~hnlich sind, nur  sind 
sic durch die Textt~r verbreitert .  Um an solchen 'Kri- 
stallen'  Struktt~rfaktoren bes t immen zu k6nnen, ist es 
gtinstig, den Zusammenhang zwischen den texturbeding- 
ten Verbrei terungsfunkt ionen der einzeinen Reflexe 
quan t i t a t iv  zu beherrschen. Bei den verh~ltnism~ssig 
schwachen Texturen  dagegen sind die Reflexe so s tark  
verbreitert ,  dass sic vielfach ineinander tibergehen. Hier  

wird also das genannte  Problem der Koinzidenzen wich- 
rig. Wir  wollen im folgenden eine Methode zur rechne- 
rischen Behandlung dieser Probleme andeuten.  

Eine ausfiihrlichere Darstel lung ist an anderer  Stelle 
gegeben worden (Bunge, 1961b). 

Wie frfiher gezeigt wurde, l~sst sich die Orientierungs- 
vertei lung durch eine Vertei lungsfunkt ion C(D , t)) be- 
schreiben, die angibt,  fiir welchen Bruchtei l  des Gesamt- 
volumens der Probe die Kris ta l l r ichtung ~) mi t  der Rich- 
t lmg t) der Probe zusammenf~llt .  Die Rich tung  ~) ist also 
beztiglich der kristal lographischen Achsen festgelegt, die 
Rich tung  t) dagegen bezieht sich auf ein mi t  der Probe 
lest  verbundenes Koordinatensys tem.  Es ist Mar, dass 
diese Verte ihmgsfunkt ion beziiglich der Kris ta l l r iehtung 
t) der Symmetr ie  der betreffenden Kristal l i te  geniigen 
muss. Die Textm~verteilung kann  aber auch beziiglich 
der Probe und damit  also der Variablen t) eine best irmnte 
Symmetr ic  besitzen. Diese kann  beispielsweise bei Faser- 
t ex turen  die I4otationssyrnmetrie sein. Eine Fm~ktion 
einer Rieh tung  im Raum,  die der Symmetr ic  einer be- 
s t immten Punk t symmet r i eg ruppe  geniigt, kann  in eine 
Reihe naeh Kugelf l~ehenfunktionen entwiekelt  werden, 
die selbst die betreffende Synmaetrie besitzen (Meyer, 
1954; Laporte,  1948). Eine Funk t ion  yon  zwei solchen 
Variablen D und t) kann  in eine zweifache Reihe soleher 
Kugelfunkt ionen entwiekelt  werden. Im  Falle einer 


