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Abstract 

The e-phase in a Cu-Sb binary alloy (19.5 at.% Sb), 
which is characterized by a two-dimensionally 
modulated structure, has been investigated by single- 
crystal X-ray diffraction at ambient temperature 
(290 K). The structure analysis was performed based 

DP63/mmc on a five-dimensional superspace group -p6 ~mm 
using occupational and displacive modulation waves. 
The final agreement factors are Ro = 0.086 and R~ = 
0.128 for 54 basic reflections and 75 first-order 
satellites, respectively. Very weak second-order sat- 
ellites of kl + k2 type are observed using Cu Ka 
radiation, but the other type of second-order 
satellites are too weak to detect in the present investi- 
gation. The analysis indicates that mixed occupation 
of Cu and Sb occurs extensively, contrary to the 
model from a high-resolution electron microscopy 
study. With regard to the atomic displacements, the 
transverse component is larger than the longitudinal 
component, which is in contrast to the Au-Cd alloy. 
Crystal data of the basic structure: Mr = 74.90, 
hexagonal, P63/mmc, a = 2.737 (4), c = 4.320 (2) A, 
V = 28.03 (6) A 3, Z = 2, Dx = 8.88 Mg m-3, 
A(Mo Ka) = 0.7107 A, /z(Mo Ka) = 39.2 mm-1, 
F(000)=66.6, two-dimensional wavevectors k~ = 
0.430 (1)(bl + b2), k2 = 0.430 (1)( -b l  + 2b2). 

Introduction 

The study of the crystal structure of the e-phase 
which occurs in Cu-Sb alloys near 20 at.% Sb has a 
long history (Hansen, 1958). By application of 
single-crystal X-ray diffraction methods, Gunzel & 
Schubert (1958) obtained first-order satellites and 
estimated the structure to be a superstructure with an 
MgaCd-type (DOl9) ordered lattice. Yamaguchi & 
Hirabayashi (1972) studied the structure in more 
detail and suggested a model similar to the super- 
structure they had determined in Au-Cd alloys near 
30 at.% Cd (Hirabayashi et al., 1970). With respect 
to the positions of the first-order satellites, the dif- 
fraction pattern is the same as those of the Au-Cd 
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alloys. The essential difference, however, is that the 
e-phase of the Cu-Sb alloy is intrinsically incommen- 
surate and there is no composition which gives the 
commensurate structure, in contrast to the Au-Cd 
alloys. 

At that time, there was no established way of 
analysing incommensurate structures by diffraction 
methods. However, Hirabayashi, Hiraga & Shindo 
(1981) solved the incommensurate structure of 
Au-Cd alloys by application of high-resolution 
electron-microscopy techniques. The same method 
was also applied by Onozuka, Kakehashi, Takahashi 
& Hirabayashi (1989) for the Cu-Sb alloys discussed 
here. They reported that the crystal structure of the 
e-phase (19.1% Sb) alloy can be described as 
commensurate containing 3456 atoms and having 
hexagonal lattice parameters a = 24(3~/2)ao and c = 
Co, where a0 and Co are parameters corresponding to 
the disordered hexagonal lattice. 

Meanwhile, structure analysis by diffraction 
methods using higher dimensional symmetry has 
been established and widely applied to the X-ray 
diffraction data for various incommensurately 
modulated crystals (Janssen & Janner, 1987; Steurer, 
1989). The direct observation of the real lattice using 
high-resolution electron microscopy seems to be 
more powerful than the indirect diffraction methods. 
However, in the case of modulated structures, the 
modulation is almost always accompanied by atomic 
displacement in addition to atomic concentration. 
This atomic displacement can be as small as 0.01 ,~, 
and is difficult to detect by electron microscopy. The 
significance of this atomic displacement was studied 
theoretically by Kataoka & Iwasaki (1981). 
Watanabe & lwasaki (1982) showed this small 
atomic displacement wave in Au-33 at.% Cd using 
X-ray diffraction and conventional methods of 
analysis. Yamamoto (1983) later showed the useful- 
ness of five-dimensional analysis when applied to the 
Au-Cd alloy, using data obtained from the above 
authors. 

Therefore, there are two important problems 
relating to the structure of e-phase that remain: the 
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first is whether the incommensurate structure can 
really be explained by considering a giant cell, as 
discussed by Onozuka et al. (1989); the second is to 
clarify the structure by applying X-ray diffraction 
and higher dimensional symmetry analysis, and also 
to highlight differences between this structure and 
that of  Au-Cd.  

Experimental procedures 
Several alloy ingots of composition near to 19 at .% 
Sb were first prepared by melting Cu (99.999% pure) 
and Sb (99.99% pure) in an evacuated quartz 
capsule. Small chips cut from the ingots were melted 
again in a capsule at 993 K, cooled down to 623 K 
and then annealed for one month to attain an 
equilibrium state of the e-phase. As expected from 
the complex phase diagram of this alloy (Hansen, 
1958), it was very difficult to grow large single 
crystals. Most of the chips were polycrystalline, but 
very occasionally a single-crystal chip with chemical 
composition of 19.5 at .% Sb was obtained from the 
ingot by deep etching in an aqueous solution of 
hydrofluoric and nitric acids. The size of the crystal 
selected for the diffraction studies was 0.02 x 0.05 x 
0.15 mm and it had a complicated shape like a 
truncated ellipsoid. No absorption correction was 
applied. The general features of the reciprocal lattice 
were examined using a precession camera. The basic 
lattice has a hexagonal symmetry and the satellites 
take an incommensurate position of the basic lattice 
giving M = 7 . 1 9 ( 0 . 0 1 ) ,  the definition of which is 
given in Fig. 1.* 

* The definition of M corresponds to 2M in the paper of 
Onozuka et al. (1989). 
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Fig. 1. Directions of the two modulation vectors, k, and k2 in the 
reciprocal lattice and the definition of M which corresponds to 
the period of the superstructure. The largest circles, A, at the 
corner of the parallelogram indicate the main or basic reflec- 
tions; the next-largest circles, B, indicate first-order satellites; 
the intermediate circles, C, indicate second-order satellites of kt 
+ k2 type; and the smallest circles, D, indicate second-order 
satellites of 2k, or 2k2 type. 

The X-ray diffraction experiments were carried out 
using a Rigaku AFC-6 diffractometer. Measure- 
ments of the basic lattice reflections were performed 
using Mo K a  radiation monochromated with 002 
reflection from pyrolytic graphite. For measurements 
of the incommensurate satellites, a Huber Eulerian 
cradle (type 511) was used in conjunction with a 
goniometer (type 422). 

The crystal quality was examined and found to be 
poor, and the diffraction profiles changed depending 
on the indices and scanning directions. One example 
is given in Fig. 2 which shows asymmetry and small 
splitting. The profiles of the main reflections are 
much better than those of the satellites. The first- 
order satellites were measured using Mo K a  radia- 
tion and a graphite monochromator.  Very weak 
reflections of the second and higher orders were 
measured using Cu K a  radiation. It was found that 
Cu K a  radiation was preferable to Mo K a  radiation 
in detecting very weak reflections. A comparison of 
the two types of radiation is shown in Fig. 3. The 
substitution of air by He gas was tested using 
Mo K a  radiation, but the improvement of signal-to- 
noise ratio was poor in comparison to Cu K a  radia- 
tion. However, the use of Cu K a  radiation has two 
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Fig. 2. Difference of the profiles along a* (bottom) and e* (top). 
The reflection is 11010 or 1.430.570. Cu Ka radiation, 40 kV x 
30 mA, counting time 40 s for each point. 
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serious drawbacks, i.e. lack of quantitativeness in the 
intensity due to high X-ray absorption and con- 
siderable reduction in the observable range in 
reciprocal space as a result of the longer wavelength. 
It should be mentioned that the observable limit is 
not solely determined by the radius of the Ewald 
sphere but also by the design of the goniometer. For 
the present apparatus with off-center type cradle, the 
maximum accessible angular range in ~o for any X is 
only 31 ° and beyond this angle the collimator col- 
lides with the x-circle. A total of  21 satellites were 
measured in the reciprocal-lattice unit nearest to the 
origin: nine for the second order of kl + k2 type, six 
for the second order of 2k~ or 2k2 type, and the 
remaining six which should have observable inten- 
sities if the structure model of Onozuka is 
appropriate. (See the definition of the types of 
second-order satellites in Fig. 1.) Data-collection 
conditions are summarized in Table 1. 

Table 1. Summary of  experimental conditions 

No. of  reflections for lattice parameters 14 (36 > 20 > 17 °) 
Standard reflections 3 (variation within 2%) 

M e a s u r e d  r e f l e c t i ons  
Basic structure (Mo Ka) 865 (662, IFoL > 3o') 

No. of  independent reflections 54 
R,,, 0.084 
Range of  h, k, I lhl, Ikl <-- 4, III < 8 

Satellites 
First order (Mo Ka) 540 (434, IFol > 30") 
No. of  independent reflections 75 
R,., O. ! 46 
Range of  h, k, I Ihl, Ikl < 4, III < 6 
No. higher than first order (Cu Ka) 21 
Range of  h, k, 1 h < 2, k < I, I < 1 

D a t a - c o l l e c t i o n  m o d e  
Basic structure 20 < 30 °, to scan; 20 > 30 ~, to-20 scan 

Scan speed (° min ') 1 
Scan width Ato = (3.5 + 0 .5tan0)  ° (Mo Ka) 

Modulated structure o~-step scan with interval Ato = 0.2 ~ 
Count ing time for each step (s) 4, 10, 20, 100, 200 (depending on 

intensity) 
Scan width Ato = (3.0 + 0 .6tan0)  ° (Mo Ka) 

d t o =  (3.0 + 0.3tanO) ° (Cu Ka) 

Structure determination 

A reflection condition found in the observed inten- 
sity data, hh2hl: 1 = 2n, indicates that a possible 
space group for the basic structure is P63/mmc only if 
we allow the presence of inversion symmetry. 
Another reflection condition, if h -  k = 3n then 1 = 
2n, indicates that the possible atomic positions are 
2(c) or 2(d), using the Wyckoff notation, if the basic 
hexagonal unit cell contains two atoms. We chose 
the 2(c) site. Thus the basic (or averaged) structure 
has the same symmetry as that of Au-Cd  (Watanabe 
& Iwasaki, 1982). As described earlier, the positions 
of the first-order satellites are the same as those of 
the Au-Cd  alloy. Thus, we can use the same two- 
dimensional modulation wavevectors, as shown in 
Fig. 1, where the indices are expressed using five- 
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Fig. 3. Comparison of the reflection profiles of the second-order 
satellite 1012T or 0.2901 for Cu Ka and Mo Ka radiation: 
40 kV x 30 mA, counting time 200 s for each point. The inten- 
sity scale is common to both radiation types and the shift of the 
origin serves to distinguish between them. 

index notation, h = hlb~ + h2b2 + h3b3 + h4k~ + h5k2, 
where k , = [ ~ - - 1 / ( 2 M ) ] ( b , + b 2 )  and k 2 = [ I - 1 /  
(2M)](-b~ +2b~). Contrary to the case of  the 
Au-Cd  alloy, in which the observable satellites were 
limited only to the first order, second-order satellites 
could also be observed in the present Cu-Sb alloy as 
shown in Fig. 3. There are two possible types of 
second-order satellites: one is the sum of the same 
kind of first-order satellites, 2k~ or 2k2, and the other 
is the sum of different kinds, kl + k2 (D and C in Fig. 
1, shown by the smallest and next-to-smallest circles, 
respectively). The former type was rarely observed in 
the diffraction patterns of the present alloy. This 
may be due to an antiphase domain structure in the 
alloy. Fig. 4 shows the two pairs of  first-order 
satellites (A1 and B1 or A2 and t/2) which corre- 
spond to splitting of  the superlattice reflections in 
ordered alloys having antiphase domain structure 
(Okamura, Iwasaki & Ogawa, 1968). By comparing 
the two pairs, it is clear that the ratio of intensity of 
the pair increases with h, i.e. A 1 / B I > I  and 
A2/B2 >> 1. This indicates the existence of  a relatively 
large atomic displacement modulation, in addition to 
the occupational modulation. It is interesting that 
the sense of the intensity ratio is opposite to that of 
the Au-Cd  alloy, i.e. A/B < 1 [refer to A and B or _A 
and B in Fig. 2 of Watanabe & Iwasaki (1982)]. The 
reflection condition, hlhlh3h40: h~ = 2n, indicates that 
the symmetry operation (S310,0,~,0,0) exists, and that 
the Bravais lattice is P6/mmm(otaO) (Janner, Janssen 
& Wolff, 1983). The space group is o?63/mmc which is ~ p 6  ! m m  

identical to that of the Au-Cd  alloy (Yamamoto,  
1983; Budkowski, Marinkovic, Prodan & Boswell, 
1990). 

We next determine the forms of the occupational 
and displacive modulation waves up to the observ- 
able second order of k~ + k2 type that are allowed by 
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the above symmetry. The final result for the dis- 
placement wave is given as follows: 

U(X4,X5) ~--- U 1 { - ( a  -~- b)sin2zrx4 - bsin2rrxs 

- asin[2zr(x4 - xs)]} 

+ U2{( - a + b)cos27rx4 

+ (2a + b)cos2zrx5 

- ( a  + 2b)cos[2"rr(x4 - xs)]} 

+ U3{(a + 2b)sin[2zr(x4 + xs)] 

+ (2a + b)sin[27r(2x4- xs)] 

+ ( - a + b)sin[2rr( - x4 + 2x5)]} 

JI- U4 { - - ( a  Jr" 2b)cos[2"rr(x4 + x5)] 

+ (2a + b)cos[2zr(2x4- xs)] 

+ ( - a  + b)cos[2rr( - x4 + 2x5)]}, (1) 

where a and b are the primitive translational vectors 
of the basal plane in the hexagonal lattice, and U~ 
and Uz are parameters corresponding to the first- 
order triple waves of  longitudinal and transverse 
types, respectively. U3 and U4 correspond to second- 
order waves of  k~ + k2 type. x 4 and x5 are the 
coordinates in hyperspace, with x4 = [~-  1/(2M)](x, 
+ xz) and x5 = [~-  1/(2M)](-  x~ + 2x2), where xl and 
x2 are the coordinates in the three-dimensional space. 
The first-order terms have amplitudes of U~ and U2 
given by Yamamoto (1983) and the longitudinal Ul 
component given by Watanabe & Iwasaki (1982). 

A similar expression for the occupational waves is 
given as, 

P(Xa,Xs) =Po + P~[cos27rx4 + cos27rx5 + cos27r(x4 - xs)] 

+ P2[sin27r(2x4- xs) - sin27r(x4 + xs) 

+ sin27r(- x4 + 2x5)] 

+ P3[cos2 7r( 2x4- xs) 

+ cos2~(x4+xs)+cos2~'(-x4+2xs)], (2) 

where P0 is the average concentration of  copper and 
is given according to the chemical composition as 
0.805, P~ is the first-order parameter, and P2 and P3 
are the second-order parameters of  the triple waves. 
The first two terms having amplitude P0 and P, are 
the same as those of  Watanabe & Iwasaki (1982) and 
Yamamoto  (1983). The isotropic temperature factor 
has the same form as in (2). Thus the number of  
parameters is eleven in all: four for displacement 
waves, three for occupational waves and four for 
temperature factors. 

A least-squares fitting program for multidimen- 
sional space analysis (REMOS), written by 
Yamamoto,  was used for the structure refinement 
with respect to IFol using (1) and (2). Unit weights 
were used. Atomic scattering factors and anomalous- 

dispersion correction factors were taken from Inter- 
national Tables for X-ray Crystallography (1974, Vol. 
IV, pp. 79, 85, 99, 149). In the course of  the least- 
squares calculations, the second-order parameters 
were determined separately because there were only 
nine second-order reflections. 

The final R values for basic, first- and second- 
order reflections were 0.086, 0.128 and 0.449, respec- 
tively, and the resultant parameters are given in 
Table 2.* The ratio of  maximum shift to e.s.d., 
(A/O')max , w a s  0.02 in the last cycle. The final param- 
eters and R value for the second-order satellites only 
have qualitative significance (see Tables 2 and 3), and 
it is worthwhile examining how the final parameters 
are affected by adding reflections which are beyond 
the observable limit. Since intensities of  the second- 
order reflections are very weak, they may be approxi- 
mated to zero or 'vanished'. By adding 21 'vanished' 
second-order reflections to the nine observed reflec- 
tions in the least-squares refinement, the final analy- 
sis indicates that the values of  U3 and U4 are altered 
significantly, giving much smaller values of  -0.0001 
and 0.0013, respectively, in comparison to those 
given in Table 2. The values of  the occupational 
parameters P2 and P3 are not significantly different 
at -0 .006  and -0 .062,  respectively. These weak 
second-order reflections are also discussed in the next 
section. 

* A list of observed and calculated structure factors has been 
deposited with the British Library Document Supply Centre as 
Supplementary Publication No. SUP 71029 (3 pp.). Copies may be 
obtained through The Technical Editor, International Union of 
Crystallography, 5 Abbey Square, Chester CHI 2HU, England. 
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Fig. 4. Changes of intensity difference for pairs of first-order 
satellites. (a) The pair AI (00011 or 0.86 0.43 0) and B1 (21011 
or 1.14 0.570), (b) the pair A2 (21011 or 2.86 1.43 0) and B2 
(42011 or 3.14 1.57 0). The upper scale corresponds to (a) and 
the lower scale to (b) using the basic reflection index h. The 
intensity scale is common to both pairs. Mo Ka radiation, 
40 kV x 30 mA, counting time 100 s for each point. The abrupt 
decrease in the background intensity for (a) is due to the air 
scattering where the 20 starts at an angle as small as 7.6". 
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Table 2. Positional (UI-U4), occupational (eo-e3)  and 
thermal parameters (Bo-B3)for Cu-Sb compared to 

the previous study of A u - C d  

Cu-Sb Au--Cdt 
Uj - 0.0036 (9) 0.0025 (1 I) 
U2 -0 .0062  (5) 0.0005 (8) 
U~ - 0.0023 ( I )* 
U4 0.0030 (I)* 
Po 0.805 (fixed) 0.667 (fixed) 
Pj 0.115 (6) - 0 . 2 2  (4) 
P2 -0 .013  (2)* 
P3 - 0.062 (3)* 
Bo 1.41 (5) 1.27 (8) 
B, 0.81 (6) 0.30 (7) 
B2 0.17 (4)* 
B3 0.74 (5)* 

* Determined by using only nine second-order reflections. See also in the 
text. 

1" Determined by Yamamoto  (1983) .  

Table 3. Comparison of calculated (IF~,[, IF~2[) and 
observed structure factors (I Fol). 

lEvi corresponds to the Onozuka model and lEe21 to the present analysis, 
where reflection indices are expressed in three ways: indices of  hkl are 
referred to the basic lattice, HKL to the Onozuka model and hjh2h3h4h5 to 
the five-dimensional description of  the present investigation. The five 
groups in the table from top to bottom correspond to reflections of  basic, 
first-order, second-order k~ + k2 type, second-order 2k~ or 2k2 type and the 
values of  the Onozuka model, 

h k / H 
I 0 0 24 
2 - I 0 72 
1 0 1 24 

0.57 - 0 . 1 4  0 17 
0.86 - 0 . 4 3  0 31 
1.14 - 0 . 5 7  0 41 
1.43 - 0 . 5 7  0 48 
0.57 - 0 . 1 4  1 17 
1.43 - 0 . 5 7  1 48 

0.29 0 0 7 
0.71 0. 0 17 
1 - 0 . 2 9  0 31 
1.29 - 0.29 0 38 
1 .71 -0 .71  0 58 
0.29 0 1 7 
0.71 0 I 17 
1 - 0 . 2 9  I 31 
1.29 - 0.29 I 38 

0.28 - 0 . 1 4  0 10 
0.85 - 0 . 1 5  0 24 
1.14 - 0 . 2 8  0 34 
1.72 - 0 . 8 6  0 62 
0.85 - 0 . 1 5  1 24 
1.14 - 0 . 2 8  1 34 

0.58 0 0 14 
0.30 - 0 . 1 5  0 I1 
0.42 0 0 10 
0.58 - 0 . 2 9  0 21 
0.58 0 1 14 
1 - 0.42 I 34 

respectively ( x 4).  

K L h~ h2 h3 h4 h5 IF~,[ If,~l IFol 
24 0 1 0 0 0 0 99 100 98 

0 0 2 - 1 0 0 0 140 138 114 
24 I I 0 1 0 0 161 162 149 

7 0 1 - 1 0 0 1 10 0 3 
0 0 0 0 0 I - I 19 12 14 
0 0 2 - 1  0 - 1  I 17 7 11 
7 0 1 - I 0 1 0 8 13 12 
7 I 1 - I I 0 I 16 10 15 
7 I 1 - 1  1 1 0 13 7 8 

7 0 - 1  0 0 2 - I  4 1 0 
17 0 2 0 0 - 2  I 3 2 3 
I0 0 I 1 0 - 1  - 1  7 1 3 
17 0 0 1 0 I - 2  3 3 3 
7 0 3 - 2  0 - 1  2 3 I 0 
7 I - 1  0 I 2 - 1  6 4 4 

17 1 2 0 1 - 2  I 6 0 0 
10 I 1 1 1 -1  -1  0 1 2 
17 1 0 I I 1 - 2  5 0 0 

0 0 2 - I  0 - 2  2 4 0 0 
13 0 0 - I  0 2 0 1 0 0 
14 0 2 - 2  0 0 2 3 0 0 
0 0 0 0 0 2 - 2  3 0 0 

13 I 0 - 1  1 2 0 2 0 0 
14 I 2 - 2  1 0 2 3 0 0 

14 0 2 0 0 
0 0 3 0 0 

I0 0 4 0 0 
0 0 3 0 0 

14 1 3 0 0 
4 1 3 0 0 

Discussion 

The final structure obtained by calculation of the 
parameters given in Table 2 is highly disordered. 
This was suspected from the weakness of  the intensi- 
ties of  higher-order satellites and it is difficult to 
imagine a clear and definite structure model, or the 
incommensuration of the period. 

Comparison with high-resolution electron microscopy 
studies 

Onozuka et al. (1989) proposed a structural model 
for the same alloy, having the period of  M = 7.2, by 
using high-resolution electron microscopy. The 
model is based on the superstructure of  the ordered 
lattice [7a0-2H-type structure according to 
Hirabayashi et al. (1970)]. T h e  space lattice is 
trigonal with lattice parameters a = 113.8 and c = 
4.322 A. The space group is P3cl and there are 2796 
Cu and 660 Sb atoms in the unit cell. The structure 
calculation is tedious: there are 227 Cu and 49 Sb 
atoms at 12(g) sites having independent x and y 
parameters, and 12 Cu and 12 Sb atoms at 6 ( f )  sites 
having independent y parameters and there are 576 
independent coordination parameters in all. These 
parameters are taken from the Onozuka model. 
Since no information was available about the tem- 
perature factors they were assumed to be isotropic 
and identical, Biso = Bcu = B s b  = 1.0/~2, which is the 
averaged value for Cu and Sb given in International 
Tables for X-ray Crystallography (1962, Vol. III, pp. 
234, 239). We do not consider the uncertainty of  the 
temperature factors to be serious because the com- 
parison with the Onozuka model was restricted to 
the nearest neighbour of  the reciprocal lattice origin. 
In this unit cell, 100 and 210 reflections of  the basic 
lattice are described as 24240 and 72 0 0, respectively. 
The incommensuration of the period can be avoided 
by considering the giant cell. The structure factors 
calculated with the Onozuka model are compared 
with those of  the present analysis and with those 
observed in Table 3. Since our analysis is based on 
modulation waves up to second order, the bottom 
group of  the reflections does not correspond to any 
of  the present reflections hlh2h3hahs. The agreement 
factors are R = 0.29 for the Onozuka model and R = 
0.14 for the present model. The intensity profiles for 
the two reflections that are expected to be observed 
from the Onozuka model (see Table 3) are shown in 
Fig. 5, indicating the absence of diffraction peaks. 

Comparison with the Au-Cd alloy 

For simplicity, we approximate the period M of  
the present Cu-Sb alloy to be 7 instead of 7.19, in 
order to facilitate a direct comparison with the 
previous study of  A u - C d  (Watanabe & Iwasaki, 
1982; Yamamoto,  1983). The concentration distribu- 
tion for Cu atoms can be calculated from the values 
of  P0, P1, P2 and P3. The displacement-modulation 
parameters of  UI and UE are taken into account and 
final results for each component are indicated in Fig. 
6. The positions of  maximum Sb concentration, 
indicated by triangles, are paired, while in the case of  
Au-Cd,  the corresponding maxima of  Cd are in 
isolated positions (see Fig. 4 of  Watanabe & lwasaki, 
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1982). It is remarkable that the first-order com- 
ponent, P~, has an opposite sign to that of Au-Cd 
(see Table 2). This difference in the sign seems to 
arise from the concentration value, P0. In the case of 
Au-Cd,  P~ represents the perfect Cd site, while in 
Cu-Sb, P~ represents the perfect Cu site, but not the 
Sb site. This is because the low concentration of Sb 
makes it difficult to attain the perfect Sb site by only 
first- or second-order modulation waves. 

We now examine the displacement waves and their 
relation to concentration waves. In" the Au-Cd alloy, 
the atomic displacements are mainly longitudinal 
and the contribution of the transverse component is 
negligibly small. This can be adequately explained if 
we assume that the charge-density wave (CDW) is 
associated with the concentration-wave maxima of 
cadmium, as described in the paper of Watanabe & 
Iwasaki (1982). In the case of the present Cu-Sb 
alloy, the amplitude of the transverse wave is larger 
than that of the longitudinal wave. Since the longi- 
tudinal component involves attraction along the 
direction connecting two nearest-neighbour atoms, 
the transverse component is preferable in the Cu-Sb 
alloy which forms dimers (triangles in Fig. 6a) in a 
close-packed plane normal to the c axis. This is a 
result of a larger atomic size difference between Cu 
and Sb in comparison with that between Au and Cd. 
The maximum atomic displacement for Cu-Sb is 
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Fig. 5. Profiles of  the satellite positions expected from the 
Onozuka model. The 17171 or 0.7101 reflection corresponds to 
the upper scale and the 38171 or 1.290.291 to the lower scale. 
where the horizontal axis is given in terms of  the basic reflection 
index h. The arrows indicate the peak positions expected from 
the Onozuka model. The vertical scale is common to both. See 
also Table 3. Cu Ka radiation, 40 kV x 30 mA, counting time 
200 s for each point. 

0.023 A (at the corners of the parallelogram in Fig. 
6), which is about three times larger than that of the 
Au-Cd alloy. 
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Fig. 6. Distribution of  the occupancies of  Cu atoms and directions 
of  displacements in the e-phase for an atomic plane normal to 
the c axis. The occupational probability of  Cu atoms is 
represented by four symbols: circles, hexagons, squares and 
triangles correspond to >0.9, 0.9-0.7, 0.7-0.6 and <0.6, respec- 
tively. The black dots in each symbol indicate the basic lattice 
points and solid lines attached to dots indicate the atomic 
displacements which are enlarged by a factor of  about 80. (a) 
The longitudinal component. (b) The transverse component. (c) 
Total displacement. The atomic displacements are calculated 
with first-order modulation only. 
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Abstract 
The quasiperiodic structure of decagonal A170Ni15Co15 
was determined on the basis of X-ray single-crystal 
intensity data using the n-dimensional embedding 
method. Centrosymmetric five-dimensional space group 
PlOs/mmc, three-dimensional reciprocal and direct 
quasilattice parameters: ai* = 0.2636 (1) A -1, i = 1,..., 4, 
as* = 0.24506 (3)A -1, ai = 3.794 (1)A, i = 1,..., 4, a5 
= 4.0807 (3) A. Five-dimensional unit-cell parameters: di 
= 3.393 (1), d5 = 4.0807 (3)A, aij = 60 °, c~i5 -- 90 °, i , j  
= 1,..., 4, V = 302.4/~5, Mr = 36.54, Dx = 4.5 Mg m -3, 
# = 10.1 mm -1, Mo Kc~, wR --- 0.078, R = 0.091 for 253 
unique reflections and 21 variables. A five-dimensional 
structure model was obtained by Patterson syntheses and 
refined by the least-squares technique. High-resolution 
electron-density maps were calculated by the maximum- 
entropy method. The structure is formally built up by 
two quasiperiodic atomic layers with stacking sequence 
Aa (a denotes the layer A rotated around 27r/10). It is 
essentially isotypic to that of decagonal A165Cu20Co15 

© 1993 International Union of Crystallography 
Printed in Great Britain - all fights reserved 

and shows locally a close resemblance to monoclinic 
All3C04. Columnar clusters parallel to the local ten- 
fold screw axes, formed by ten pentagonal antiprismatic 
columns surrounding a central column, are found to be 
the basic structural building elements. Quasiperiodicity 
is forced by the formation of interconnected networks 
of closed icosagonal rings of pentagonal and rectangular 
structure motifs. 

Introduction 

Decagonal quasicrystals represent interesting interme- 
diate states between icosahedral and crystalline phases 
with anisotropic physical and mechanical properties. The 
stable decagonal phase A170NilsCO15, with needle-like 
decagonal prismatic morphology, was first synthesized 
by Tsai, Inoue & Masumoto (1989) by slow solidifica- 
tion. Its stability range between 773 K and the melting 
point was studied by Kek (1991). Other stable decagonal 
phases were found in the systems A1-Cu-Co by He, 
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