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The Structure of Rhombohedral T(NiCuA1) 

BY M. G. Bow~* 

Crystallographic Laboratory, Cavendish Laboratory, Cambridge, England 

(Received 10 August 1955) 

Crystals of the ternary compound in the :Ni-Cu-A1 system have been examined by single-crystal 
X-ray methods. Two distinct forms were found, one having a rhombohedral, the other a cubic, 
unit cell. In both forms the heavy and light atoms are arranged as in a CsCl-type structure; ordered 
vacancies in heavy-atom sites give rise to the two different superlattices. The rhombohedral unit 
cell contains ideally 8 A1 and 6 heavy atoms; in the crystals examined there are also random 
vacancies in the heavy-atom sites, and possibly in the A1 sites. The relationship between the two 
forms is considered briefly. 

1. Introduction 

The Ni-Cu-A1 system has been investigated by 
Bradley & Lipson (1938) and by K6ster, Zwicker & 
Moeller (1948). Only one ternary compound was found, 
with composition field at 500 ° C. roughly a parallelo- 
gram defined by the lines 57.5 and 64 atomic% A1, 
5.5 and 10 atomic% Ni. The phase has usually been 
given the formula NiCuaAle: in this paper the letter 
T is used. From powder photographs Bradley & 
Lipson described the structure as 'distorted body- 
centred cubic'. 

2. Prel iminary invest igation 

Crystals of T were kindly supplied by Mr B. Ward 
of the Metallurgy Department,  University of Bir- 
mingham, who extracted them electrolytically from 
slowly-cooled ingots containing T and the Al-rich solid 
solution. They were grey, and of markedly dendritic 
appearance. Three samples of crystals, extracted from 
ingots of slightly different initial composition, were 
made available. Of sample A there was insufficient 
material for a chemical analysis to be made. The 
analysis of sample B was carried out at Birmingham, 
and gave the composition 

1~i 8"5, Cu 33.4, A1 58.1 a tomic%.  

Sample C was found by Messrs Johnson, Matthey 
and Company Limited to contain 

Ni 6.6, Cu 30.2, A1 63.1 a tomic%.  

All the single crystals from sample A which were 
examined showed a cubic unit cell, with a = 14-6 A, 
whereas crystals from B and C had a rhombohedral 
unit  cell, with a = 4.1, c = 40 J~. By close examina- 
tion of the single-crystal photographs of A and powder 
photographs of B and C it was established, however, 
tha t  both forms were present in all three samples. 
The two forms are closely related to one another, as 

* Now at the Department of Mineralogy and Petrology, 
Cambridge, England. 

will be described later. For convenience, the rhombo- 
hedral form will be called T 1 and the cubic form T 2 
throughout this paper. 

3. Unit  cell of T1 

Crystals from sample B which gave only reflexions 
characteristic of T 1, even after very long exposures, 
were used for further study. Single-crystal photographs 
showed a hexagonal unit  cell, with Laue symmetry  
3m. From very high angle reflexions on a van Arkel- 
mounted oscillation photograph the cell dimensions 
were found to be 

a = 4-105+0.001, c -- 39-97±0-01 A .  

Systematic absences proved the lattice to be rhombo- 
hedral, with possible space groups R32, R3m and R-3m. 
The rhombohedral cell dimensions are 

a = 13.53 2~, ~ = 17 ° 27'; volume ---- 194-4/~3. 

The quanti ty  of crystals in sample B was insufficient 
to make an accurate density measurement by displace- 
ment methods, and ow~n~ g to the high density the 
flotation method could only set a lower limit of about 
4-4 g.cm. -3. 

Two of the possible formulae to which the chemical 
analysis of B corresponds are Nil.0Cu4.0A17 and 
Nil.2Cu4.6A1 s. The calculated density for one formula 
unit  of the former per rhombohedral cell is 4.3 g.cm. -3, 
for one of the latter 4.9 g.cm. -3. The composition of 
T1 is, of course, not necessarily the ~me  ~ that of the 
bulk sample, for T 2 is also present. 

4. Structure determinat ion of T1 

Powder photographs showed a close relationship to a 
body-centred cubic pattern. The cell dimensions are 
compatible with a structure based on small CsCl-type 
cubes of side 2-9 J~, for a = 4 . 1 - 2 - 9 ] / 2 ,  and c - -  
40 - 8 × 2.9]/3. This suggests that  the large unit  cell 
stretches over eight small cubes along a tr iad axis of 
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the CsCl-type structure, the width being one small 
cell. On this assumption the rhombohedral cell would 
contain only a string of alternate heavy and light atoms 
along the triad axis. Since there must be more A1 than 
heavy atoms in the cell, it is likely that  the superlattice 
is caused by ordered vacant heavy-atom sites, as in 
Ni~A1 v 

A photograph of a single crystal rotating about the 
c axis confirmed these ideas, the following features 
being observed: 

(i) On each layer line the intensities of reflexions 
decreased steadily with increasing angle. This confirms 
that  all the atoms lie on the z axis, and on lines related 
to it by the rhombohedral lattice. 

(ii) There were maxima in the intensity distribution 
at 1 = 0, 16, 32 etc., and smaller maxima at I -- 8, 24, 
etc. This would be expected from an arrangement of 
light and heavy atoms placed alternately at intervals 
of c/16 along the z axis. If there were 8 A1 atoms along 
the length of c, the composition shows that  there would 
also be about 6 heavy atoms in this length, with two 
sites vacant. 

(iii) The intensities on the remaining layer lines 
varied roughly sinusoidally with l, zeros occurring at 
1 -- 4, 12, etc. 

If the structure contained no ordered vacant sites, 
these layer lines would not occur. The layers can 
therefore be considered to be produced by scattering 
atoms placed in the vacant sites, and only by these 
atoms. The principle involved is similar to Babinet's 
principle in optics. Since there are only two vacant 
sites per cell, a sinusoidal intensity curve would be 

O AI 
• Cu, Ni 

(a) (b) 
Fig. 1. Unit cell of T 1. (a) Outline of rhombohedral cell. 

(b) Illustration of how the structure is built up from small 
cubes, with two vacant sites. 

expected, and from the wavelength of the observed 
curve it can be deduced that  the vacancies are 
separated by c/8. 

The idealized structure is illustrated in Fig. 1. In- 
tensities calculated from this model agree moderately 
well with observations. 

5. Ref inement  of s t r u c t u r e  

Zero-layer Weissenberg photographs were taken with 
filtered Mo radiation about the a and a* axes of the 
hexagonal cell, recording hOWl and h,h,2h,1 reflexions 
respectively. The multiple-film technique was used, 
and the 80 observed non-zero intensities were estimated 
visually. The crystal used had cross-section 0.05 × 0.09 
mm2: for Mo K~ radiation 1//~ = 0.06 ram. The in- 
tensities were corrected for absorption by the gra- 
phical method of Joel, Vera & Garaycochea (1953), 
and for Lorentz and polarization factors. 

The exact z parameters of the atoms can be found 
by a one-dimensional Fourier projection on to the 
z axis. If the normal method of projection is used the 
repeat distance is c/3 = 13.3 •, owing to the rhombo- 
hedral symmetry; this leads to a peak separation of 
0-83 A, which is rather small for accurate work. 0001 
reflexions, which occur with 1 = 3n only, would be 
used for this projection. A method was found for in- 
creasing the repeat distance to the full 40/~ without 
using complete three-dimensional data. In planes 
normal to z the only variation in the Fourier transform 
of the scattering unit (which is the row of 14 atoms 
along c) is due to angular decrease of scattering factors. 
The observed reflexions allow this transform to be 
sampled at certain points on an equally spaced set of 
such planes, 1 = 0, 1, 2, . . . ,  etc. By extrapolation for 
each layer the values of fF(O001)[ can be found for 
all l, although only those having 1 = 3n are directly 
observable. Inversion of the transform by a one- 
dimensional Fourier series using these values would 
give a projection of the scattering unit on to the z axis, 
with the full repeat distance of 40 ~. 

An analytical method of extrapolation was used, 
each [F(hkil)[ being divided by f, a mean unitary 
scattering factor, and by a temperature factor t = 
exp ( - B  sin 2 0/;t2). The best value of B, found from 

the mean slope of graphs (for each layer) of log(IF[/f) 
aga~st  sin e 0/~ 2, was 0-55 × 10 -1~ /~. For each layer 

IFI/ft should be constant, and values were found to 
have a standard deviation of about 5% from the 

A 

average. Using the appropriate f and t, IF(000/)] was 
found for all l; the resulting values should be more 
accurate than if they had been directly observed. 

The length of the c axis made it necessary to evaluate 
the Fourier summations at 1½ ° intervals. An ~'o 
synthesis, calculated on the assumption of a centro- 
symmetric structure, is shown in Fig. 2(a). The de- 
crease in peak heights near the origin was proved, 
by comparison with corresponding Fc syntheses, to be 
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mainly due to the omission of reflexions too weak to 
be observed. This effect has been eliminated in the 
refinement by  the use of difference syntheses. 
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Fig.  2. Four i e r  pro jec t ions  of T i on [000l] :  (a) .Fo synthes is ;  
(b) (Fo--Fc) synthesis ,  assuming  comple te  occupa t ion  of 
all (occupied) si tes;  (c) (Fo--Fc) synthesis ,  assuming defi- 
ciencies in H a of 15 %, in H e of 32 %, and  in all A1 sites of 
12-5%. 

I t  has been assumed tha t  the structure is centre- 
symmetric. If this were not so, the peaks in the Fo 
synthesis would be broadened, and in a difference 
synthesis there would be a negative region at the 
atomic position, flanked by  two positive regions; no 
effects of this kind were found. The final difference 
synthesis, calculated for complete occupation of all 
sites (except the vacant  ones) is shown in Fig. 2(b). 
The agreement index, R, is 0.14. The peak at  H 4 is 
little affected by parameter  changes, but  it can be 
reduced by  assuming tha t  other sites are only partial ly 
occupied. With 7 % deficiency in Ha and 14% in H~, 
(equivalent to a formula unit Niv2C%.eAls per cell) 
the peak at  H4 was reduced by about one-third and 
R fell to 0.12. With 15% deficiency in Ha, 32% in H~. 
and 12.5 % in each ALl site, Fig. 2@ was obtained, and 
R = 0-10. This model has a formula unit NiCu4AI~ 
per rhombohedral cell; it gives a better difference 
synthesis than  can be obtained if the A1 sites are taken 
to be fully occupied. 

The effect of deficiencies in the f curves used in cal- 
culating $'~ (see Black, 1955) has been considered, but  
makes no substantial difference in this case. Indicated 
parameter changes are markedly dependent on the 
occupation of sites: refinement could be continued on 
an assumed model, but  without reliable density and 
composition measurements there is little justification 
for this procedure. 

Final parameters are given in Table 1. Table 2 

Table 1. z parameters 
Site Idea l  F inM S h i f t ( A )  

-41 a 0 0 0 
A12 ~ 0 . 1 2 5 0  ~ 0 . 1 2 5 5  0.02 
A1 a ~ 0 . 2 5 0 0  ~ 0 . 2 5 1 5  0.06 
A14 ~ 0 . 3 7 5 0  ~ 0 . 3 8 0 0  0.20 
A15 0.5000 0.5000 0 
H 2 ~ 0 . 1 8 7 5  ~0 -1900  0"10 
H a ~ 0 . 3 1 2 5  ~0 -3145  0.08 
H a ~ 0 . 4 3 7 5  ~ 0 . 4 3 8 0  0.02 

Sites H 2, H a and  H a are occupied b y  Cu or Ni  a toms .  
S t a n d a r d  dev ia t ion  of pa rame te r s  (about)  0.001. 

Table 2 
IF(O001)l ca lcu la ted  

lF(OOOZ){ 
g deduced ia) (b) (D 
0 84 84 84 84 
1 22 16 18 20 
2 9 12 9 7 
6 7 10 8 6 
7 16 13 15 17 
8 23 21 18 19 
9 23 16 1~ 19 

10 9 12 10 8 
14 10 12 11 9 
15 10 3 5 7 
16 56 58 58 58 
17 23 20 20 22 
23 8 7 9 l l  
24 15 13 12 13 
25 18 13 14 15 
26 6 8 8 6 
30 7 8 7 6 
32 36 36 36 36 
33 19 17 17 18 
40 8 9 9 8 
41 13 12 12 13 
42 6 5 4 4 
48 19 21 22 22 
49 14 23 13 14 
57 7 9 9 10 
64 7 11 11 12 
65 7 9 9 10 

F o r  l va lues  no t  inc luded in this  t ab le  no ref lexions were  
observed,  and  the  ca lcula ted  [F[ va lues  are all ~< 6. /vc has  
been  sealed to  Fo. Column (a) was  ca lcu la ted  for  a mode l  
assuming comple te  occupa t ion  of all s i tes;  co lumn (b) for  H s 
7 % deficient ,  H 2 14% deficient ;  and  co lumn (c) for  H s 15% 
deficient ,  H 2 32 % deficient,  and  all A1 si tes 12.5 % deficient .  

contains values of IF(O00I)I deduced from observa- 
tions and calculated for each of the three models 
mentioned above. Complete lists of Fo's and inter- 
atomic distances are available in a thesis (Bown, 1955). 
I t  was not possible to distinguish between Cu and Ni 
atoms on the basis of interatomie distances. The 
(Cu, l~li)-A1 distances all lie between 2.46 and 2.62/~, 
with the sole exception of the H4-A14 distance of 
2.32 A. This seems to be significantly less than  the 
mean (2-52 A) but  the reason is not understood. The 
mean distance agrees well with values found in the 
similar structures NiA1 and Ni2A] s (Bradley & Taylor, 
1937) when allowance is made for the fact t ha t  the 
radius of Cu is about 0.03 J~ greater than tha t  of Ni. 
Thus in NiA1, Ni-A1 = 2.50 J~, and in Ni~Als, Ni-A1 = 
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2.43-2.52 J~ (mean value 2.47 A). The mean values, 
with the range of values in brackets, of the other 
interatomie distances in T 1 are: A1-AI, 2.90 (2-76-3.02 
J~); (Cu, Ni)-(Cu, Ni), 2.87 (2-79-3.02 A). These are 
also in agreement with the comparable distances in 
Ni~ and Ni2A] 3. 

6. The cubic form, T2 

The crystals from sample A had a cubic unit  cell of 
side a -- 14.6 A, and Laue symmetry  m 3 m  (certainly 
to a close approximation). The following rules governed 
the appearance of reflexions: 

h, b, 1 all = 5n 
h + k - t - 1  .= 10n 
h ÷ b ÷ l  ~- 10n÷5 

h, b, 1 all -- 5n~:2 
h,  b,  1 a l l  ~- 5nJ=l 

very strong 
strong 
medium strength 
weak 

(n = any integer; h,  k ,  1 not necessarily all equal)• 
No other reflexions due to Tz were observed• 

This structure is also based on CsCl-type cubes, there 
being 125 in the large cell. The superlattice is caused 
by  ordered vacancies, and an arrangement of these 
was found which would account qualitatively for the 
observed reflexion rules. No t ruly single crystal of T 2 
was found, so tha t  no accurate intensity measurements 
could be made. The proposed structure is not reported 
here, since quanti tat ive confirmation has not yet  been 
obtained, but  details are available in a thesis (Bown, 
1955). 

The pat tern  of reflexions given by T~ is very nearly 
identical with tha t  which would be given by a four- 
component multiple twin of the rhombohedral form, 
with the four tr iad axes parallel to the triads of a cube. 
Positions and intensities of corresponding spots would 
be very similar. ~ o  twinning of T 1 has been observed, 
however. 

All the crystals of the cubic form examined gave 
streaks on single-crystal photographs running from the 
cubic towards the rhombohedral spot positions, and 
some of these streaks ended in spots in the rhombo- 
hedral positions. I t  is suggested tha t  the cubic form 
is metastable at  room temperature, and has part ial ly 
transformed into the rhombohedral form during the 
slow cooling of the ingot. 

A further investigation of the relation between the 
two forms is to be made. 

is thought  to be the electron concentration; T 1 and 
similar structures are now considered from this point 
of view. 

In  the fl-phase (NiA1) of the Ni-Cu-A1 system it has 
been established by  Lipson & Taylor (1939) tha t  
random vacancies first appear in heavy-atom sites a t  
3.0 electrons/cube. At this electron concentration the 
surface of the distribution just  touches the planes of 
the first Brillouin Zone. However, despite an increasing 
number of vacancies, the electron concentration rises 
to 3.4 at  the Cu-rich corner of the phase field, if Ni 
is zero-valent. The concentration can be kept at  3.0 
electrons/cube if the Ni atoms are assumed to have a 
variable negative valency up to a maximum of 0.8. 
The same is true for the corresponding phase in the 
Fe-Cu-A1 system, the maximum negative valency of 
Fe necessary being 2.8. These maximum negative 
valencies are similar to the values, 0.61 and 2.66, 
proposed by Raynor  (1944) for Ni and l~e respectively, 
to correlate experimental results on Al-rich alloys 
containing transition metals. 

In  Ni2A13, also based on CsCl-type cubes, there are 
again 3.0 electrons/cube. The effect on the electron 
concentration of the solution of Cu in this phase has 
not been investigated. 

In  the T 1 phase, if there are 8 A1 atoms per cell, 
the negative valency of Ni needed to make the elec- 
t ron concentration 3.0 electrons/cube is 3.8, but  if 
there are only 7 A1 atoms per cell a negative valency 
of 0.6 for Ni brings the figure to 3.0. This fact, con- 
sidered in relation to the cases of ~(NiA1) and Nig Als, 
is at  least suggestive, though the real significance of 
these assumed negative valencies remains obscure. 
Moreover, it must  not be forgotten tha t  the present 
structural  investigation, though strongly suggesting 
unit-cell contents of NiCu4A17, is not regarded as 
proving conclusively tha t  this is the case. 

The relation between the structures of l~Ii~A13 
(Bradley & Taylor, 1937) and T 1 can be expressed in 
terms of the planes of heavy-atom sites perpendicular 
to the triad. In  Ni~A13 one in three of these planes is 
devoid of atoms, the sequence being 

• . . ,  X O X ,  X O X ,  . . .  etc., 

where X denotes an occupied plane and 0 an unoc- 
cupied one. In  the same notation the ideal structure 
of T~ is 

• . .  O X ,  X O X X X X O X ,  X O . . .  etc. 

7. Discussion 

The ideal structure of T 1 has two vacant  sites per cell, 
giving a formula (NiCu)6A1 s. The crystals examined 
show partial  occupancy of other heavy-atom sites, 
and there is some evidence for supposing tha t  only 
about 7 A1 atoms are distributed over the 8 A1 sites. 

The structure of T 1 has been determined as par t  of 
a programme of research aimed at  discovering the 
important  factors in the formation of Al-rich alloys 
containing transition metal  atoms. One of these factors 

KSster & Moeller (1941) discovered a phase in the  
Cu-Zn-A1 system which gave the same powder pat tern  
as T. The limits of composition of this phase at  500 ° C. 
can be writ ten,  approximately, Cu6ZnA1 ~ and 
Cue.4Zn2.5Ale. 5, which suggests tha t  the Zn atoms are 
in the A1 sites, as might be expected from the metallic 
radii. 

I wish to thank Prof. G. V. Raynor  and Mr B. Ward 
for providing the specimens. I am indebted to Prof. 
Sir Lawrence Bragg, Prof. N. F. Mott and Dr W. H. 
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Taylor  for provision of facilities and for their  interest  
in the progress of this  work. I have to thank  the 
Depar tment  of Scientific and Industr ia l  Research for 
f inancial  support.  
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Kristall~,ittermodelle infol~,e yon elektrischer Aufladun~, bei Kristal l isation 

Vo~ BRIGITTE KRAUSE UND ~/~. RENNINGER 

Kristallographisches Insti tut  der Universit~t, Marburg-Lahn, Deutschland 

(Eingegangen am 25. April 1955) 

Small crystals of pentaerythritol crystallizing from aqueous solution and floating on the surface, 
if of uniform size, are found forming a regular hexagonal array. This is shown to be caused by the 
interaction of the capillary attraction and the electrostatic repulsion of negative charges on the 
growing crystals. The sign of the charge reverses if the crystals, after a period of growth, dissolve 
again. The potentials to which the crystals are charged can reach.several hundred volts and are 
proportional to the length of the crystal edges. Details of the arrangement can be explained 
quantitatively by a relation between the edge-lengths of two interacting crystals and their distance. 
I t  is surmised, but could not be proved, that  the interaction is due to unipolar charges 'frozen in' 
all over the volume rather than to a double layer located at the surface of the crystals. The possible 
relation of the effect to Ribeiro's thermo-dielectric effect is pointed out. 

1. A l l g e m e i n e  B e o b a c h t u n g e n  

Nachfolgend wird berichtet  fiber Bemfihungen um 
Aufkl~rung einer vor einigen J ah ren  bei Kristall isa- 
t ionsversuchen mi t  Pen tae ry th r i t  gemachten Beob- 
achtung:  Die an der 0berf l~che einer warmges~tt igten 
w~sserigen Pentaerythr i t -LSsung nach Kristall isa- 
t ionsbeginn (durch Abkfihlung) schwimmenden Kri- 
staUkeime ordnen sich, sofern sie einheitl iche GrSsse 
haben,  regelm~ssig an zu einer Art  von zweidimensio- 
nalem Gitter, einer hexagonalen 'dichtesten Kreis- 
packung'  ~hnlich derjenigen der Seifenbl~schen im 
Bragg-Nye ' schen  Modell (1947a, b). 

Fig. 1 zeigt die Erscheinung in zwei Mikroaufnah- 
men.* Man erkennt,  dass die hexagonale Symmetr ie  
sich nur  auf die Anordnung der Krist~llchen, nicht  
aber  auf deren Form erstreckt. Der Querschnit t  der 

* Die Mikroaufnahmen wurden hergestellt mit Hilfe einer 
yon der Firma Ernst Leitz Wetzlar (Herrn W. Freund) 
freundliehst zur Verfiigung gestellten mikrophotographischen 
Einrichtung geringster VergrSsserung (3-fach auf Kleinbild- 
format), bestehend aus einem Mikroskop-Stativ ~tlterer Bauart, 
das die Verwendung des heute nicht mehr gefertigten 0bjek- 
tivs Nr. 0 ermSglicht, dazu einem Photoaufsatz mit Leica. 
Der kleine Abbildungsmasstab entsprach dem Wunsch nach 
einem mSglichst grossen Bildfeld bei noch ausreichend guter 
Erkennbarkeit der einzelnen Kristallformen. 

Kristal le  ist n~mlieh quadrat iseh entspreehend der 
te t ragonalen Struktur  yon Pentaery thr i t .  Sie sehwim- 
men  mi t  vert ikaler  c-Achse und  bilden quadrat ische 
Bipyramiden  (Fig. 2(a)) mi t  (101)-Fl~ehen der raum- 
zentrierten te t ragonalen Zelle (und dami t  0kta~der-  
fl~chen der pseudokubiseh f l~chenzentrierten ZeUe) 
gegen das LSsungsinnere und  (10/)-Fl~chen gegen den 
Luf t raum.  Dabei  ist 1 >~ 1. Manchmal  wachsen die 
Kristal le  s~ulenfSrmig weiter ins LSsungsinnere und  
erscheinen dann wie aus paral le lverwachsenen Einzel- 
kristal len aufgebaut  (Fig. 2(b)). Ihre  Projekt ion auf 
die LSsungsoberfl~che jedenfalls  ha t  immer  nahezu 
quadrat ische Form, und  die K a n t e n  dieser Quadrate  
bilden regellos verteil te Winkel  mi t  den drei hexa- 
g0nalen Hauptrichtungen der An0rdnung. 

Diese Beziehungen gelten nur  so lange, als der Ab- 
s tand zwischen Nachbarkr is ta l len  ein Mehrfaches der 
KristallgrSsse betr~gt. Bei Kleinerwerden des Verh~lt- 
nisses zwischen beiden tendieren die Kris ta l le  zu 
Paral lelstel lung ihrer K a n t e n  (Fig. l(c)). Dadureh  
wird eine der drei vorher gleichberechtigten Rieh tungen  
ausgezeichnet und  die hexagonale Symmetr ie  der An- 
ordnung in eine rhombische fibergeffihrt. Die Grenze 
zwischen beiden Git ter-Arten liegt bei einem Verh~lt- 
nis Abstand/GrSsse von etwa 3-4. 


