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Fig. 9. The variations of  the isotropic thermal parameter of the S 
atom and its mean interatomic distance with two adjacent Ti 
and four adjacent Sr atoms as functions of t (= -0.57227x3 + 
x4). 

In this study, the crystal structure of the incommen- 
surate composite crystal Srl.lasTiS 3 was successfully 
analysed in a four-dimensional formalism using the 
Rietveld analysis process based on the powder X-ray 
diffraction data, because satellite intensities up to the 
sixth order were strong enough to be detected by the 
powder method as described above. 

The authors wish to express appreciation to Mr Y. 
Kitami for help in electron-diffraction experiments. 
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Abstract 
The crystal structure of CeCusAu determined at room 
temperature is orthorhombic with space group Pnma 
(No. 62). The lattice constants are a -- 8.2455 (4), b = 
5.0866 (3) and c = 10.3659 (5) A with V = 434.76 (7) A 3 
and four formula units per unit cell. Four-circle diffrac- 
tometry shows that CeCusAu is an ordered intermetallic 
phase, isomorphous with CeCu6, with the Au atoms 
exclusively occupying the Cu(2) positions of the CeCu6 
structure. Measurements of the electrical resistivity of 
CeCusAu at low temperatures yield a residual resistivity 
smaller than that of single crystals of CeCus.sAu0.5 by 
a factor of four, in line with the fact that CeCusAu is a 
stoichiometric compound. The temperature dependence 
of the resistivity indicates magnetic ordering as found 
previously for CeCt~_xAux with 0.1 < x < 1. 

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

Introduction 

The intermetallic compound CeCu6, a heavy fermion 
system (Grewe & Steglich, 1991) with an extraordinarily 
high linear contribution to the specific heat C [3' = 
C/T (T ~ 0) = 1.67 J mol -I  K -2 (Amato, Jaccard, 
Flouquet et al., 1987)1, is one of the few examples 
of these systems that neither show long-range magnetic 
order nor become superconducting down to the lowest 
measuring temperatures (10 mK in this case). On the 
other hand, short-range magnetic intersite correlations 
discovered by inelastic neutron scattering (Aeppli et 
al., 1986; Rossat-Mignod et al., 1988) and confirmed 
through the observation of a metamagnetic-like transi- 
tion in magnetization measurements (Schr6der, Schlager 
& L6hneysen, 1992) indicate the proximity of CeCt~ to 
magnetic order. Indeed, substitution of Cu by Au leads 
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to an instability of the coherent Kondo ground state 
with respect to antiferromagnetic order via the RKKY 
interaction as proven by elastic neutron scattering inves- 
tigations of CeCus.sAu0.5, yielding an incommensurate 
antiferromagnetic structure (Chattopadhyay, L6hneysen, 
Trappmann & Loewenhaupt, 1990). The occurrence of 
magnetic order can be explained in terms of the Doniach 
picture (Doniach, 1977) by the weakening of the antifer- 
romagnetic exchange coupling J between the conduction 
electrons and the 4f electrons of the Ce atoms as a result 
of the lattice expansion caused by the larger Au atomic 
radius (Trappmann, 1991; Schlager, Schr6der, Welsch 
& L6hneysen, 1993). 

Besides the lattice expansion, a major effect of al- 
loying with Au is the introduction of disorder into 
the regular Kondo lattice of pure CeCu6. As a conse- 
quence, the coherence of the Kondo ions, which is seen 
in the steep decrease of the electrical resistivity p of 
CeCu6 towards low temperatures, is weakened as was 
shown by resistivity measurements on single crystals 
of CeCus.sAu0.5 (Schlager et al., 1993). The intensity 
of the reflections of powder X-ray diffraction patterns 
of various CeCu6_xAu~ samples lead to the suggestion 
that the Au atoms are not distributed randomly among 
the different Cu sites in the crystal lattice of CeCu6 
(Mock, Schr6der, Sereni, Sieck & L6hneysen, 1993) 
but substitute exclusively Cu atoms at the Cu(2) site of 
the orthorhombic structure (space group Pnma; Cromer, 
Larson & Roof, 1960). The main purpose of the X- 
ray investigations and the resistivity measurements on 
CeCusAu single crystals which we present in this paper 
is to show that this is indeed the case and that the full 
periodicity of the lattice is recovered in CeCusAu. 

Crystal growth and characterization 
The CeCusAu crystal was pulled from a tungsten cru- 
cible by the Czochralski method using 5 N Cu (Alfa, 
Karlsruhe), 5 N Ce (Ames Laboratory, Iowa State Uni- 
versity) and 4 N Au (Alfa, Karlsruhe) as starting ma- 
terials. To avoid contamination with cerium oxides and 
changes of the stoichiometry of the melt due to evap- 
oration of the volatile components, the growth process 
was performed in a high-purity argon atmosphere under 
a pressure of 3.5 x 105 Pa. Because of the lack of a 
suitable seed, the necking-down technique was applied 
so that the growth interface was dominated by one 
crystallite. A cylindrical crystal of about 6 mm in 
diameter was pulled out of the melt with a speed of 
18 mm h-1 and a rotation frequency of 3 min -1. 

X-ray diffraction (0-20 scans, Cu K s  radiation) on 
powder ground from small portions of the crystal showed 
the structure to be orthorhombic at room temperature 
with lattice constants a = 8.250, b = 5.084 and c -- 10.36 
A. No reflections of cerium oxides or other phases could 
be detected. 

The Au concentration, measured by atomic absorp- 
tion spectroscopy (AAS) on small samples taken from 
different locations along the growth direction of the 
crystal, did not vary significantly and agreed within 
1% with the primary concentration of the melt, thus 
showing that the distribution coefficient of Au in this 
system does not deviate much from 1. The crystal was 
also checked by AAS for possible contamination. The 
concentration of Fe was found to be 5 p.p.m., a value 
which is an order of magnitude less than that of CeCu6 
single crystals which had been grown previously by the 
same technique (Onuki et aL, 1987). Unfortunately, the 
detection limit of the AAS for W is about 500 p.p.m., 
so that contamination from the crucible material can 
only be ruled out on this scale..Onuki et al. found 
no W contamination in their CeCu6 crystals within 
the detection limit of 40 p.p.m. (Onuki et al., 1985). 
Therefore W impurities are assumed to be negligible in 
our crystals, also. 

Laue pictures with a broad X-ray spot indicated that 
the resulting crystal consisted of several large crystallites 
with small-angle grain boundaries (<2°). A single crys- 
tal of dimensions 2 x 3 x 4 mm, the faces oriented 
perpendicular to the three orthorhombic axes, could 
be cut from the sample by spark erosion. To avoid 
contamination, this technique was also used for dividing 
this single crystal into smaller samples for measurements 
of specific heat, magnetization and electrical resistivity. 
The samples for the X-ray investigations were chosen 
from a ground portion of the original crystal. 

X-ray single-crystal investigations 
Precession photographs taken at room temperature 
showed the crystals to be orthorhombic. The reflection 
conditions (reflections Okl were observed only with 
k + I = 2n and reflections hk0 only with h = 2n) 
indicated the space group to be Pn21a or Pnma; the 
structure refinement showed the latter to be correct. 
Cell dimensions were determined by the least-squares 
method from accurately measured Laue angles of 
168 single-crystal reflections including correction for 
displacement caused by absorption effects (Nelson & 
Riley, 1945). The lattice constants and space group 
permitted the assumption that the structure of CeCusAu 
is isomorphous to that of CeCu6 (Cromer et al., 1960). 

An irregularly formed fragment of the large crystal 
with approximate dimensions 0.25 × 0.25 × 0.35 mm 
was used for intensity collection. 5911 intensities 
were recorded at room temperature on an automated 
four-circle diffractometer (AED-2, Siemens]Stoe) with 
Mo Ks radiation (A = 0.71073A) monochromated 
by graphite up to 20 = 70 ° , employing the w-O 
scan technique. The scan rate varied between 3 and 
0.5 ° min -1 depending on the ratio I/a(l). The intensities 
were corrected for background, Lorentz and polarization 
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factors. Because of the high linear absorption coefficient 
#(MoKa) = 653cm -1, special care was devoted to 
the numerical absorption correction. Based upon eight 
suitable ~b profiles a preliminary description of the 
crystal shape including 16 faces was optimized using 
the program HABITUS (B/imighausen & Herrendorf, 
1992). The transmission factors ranged between 0.001 
and 0.020. 

207 single intensities which deviated significantly 
from the mean of the other members of a corresponding 
set of equivalent reflections were disregarded before 
averaging. 1029 unique reflections were employed for 
full-matrix least-squares structure refinement (program 
SHELX76; Sheldrick, 1976) applying no further accep- 
tance criterion. Atomic scattering factors for neutral 
atoms and real and imaginary parts of the anomalous 
dispersion were taken from International Tables for X- 
ray Crystallography (1974, Vol. IV). 

The atomic coordinates of CeCu6 were taken as the 
initial parameters. In this structure the Cu-atom position 
with the highest coordination number CN = 14 and the 
largest value for the mean interatomic distance in the 
coordination sphere with respect to CN = 12, i.e. Cu(2) in 
CeCu6, was replaced by the Au atom. This proved to be 
the correct position. For testing purposes the occupancy 
of the Au position was allowed to vary. It refined to 
0.991 with an estimated standard deviation of 0.005 
and thus it can be assumed that within the experimental 
accuracy this position is exclusively occupied by Au. 

An empirical isotropic extinction parameter x = 9.3 
x 10 -8 was applied, where the calculated structure fac- 
tors Fc are multiplied by (1 - xFc2/sinO). The refinement 
involving anisotropic displacement factors (41 param- 
eters) converged well leading to final values of R = 
~ l l F o l  - IFcll / EIFol  -- 0.028 and wR = [r~w(lFol - 
IF~I) 2 / EwFo2] 1/2 = 0.023. The weighting scheme was 
w = cr(Fo) -2 with cr(Fo) being based on the mean of the 
counting statistics as well as on the standard deviation of 
the averaging procedure. A final difference Fourier map 
showed the residual electron density to vary between 
2.4 and -2.8 e A -3 with maxima lying in the vicinity 
of atomic positions. The final structural parameters for 
CeCu5Au are listed in Table 1.* For the calculation 
of interatomic distances given in Table 2 the program 
ORFFEII (Busing, Martin & Levy, 1967) was used. 
The crystal structure drawings were prepared with the 
program ORTEPII (Johnson, 1976). 

CeCusAu is isomorphous to CeCu6 at room temper- 
ature. It is the first ternary compound that is known to 
adopt this structure type while there are another eight 
binary examples (Villars, Matthis & Hulliger, 1989). 

* Lists of structure factors and anisotropic thermal parameters have 
been deposited with the British Library Document Supply Centre as 
Supplementary Publication No. 71239 (14 pp.). Copies may be obtained 
through The Technical Editor, International Union of Crystallography, 5 
Abbey Square, Chester CHI 2HU, England. [CIF reference: SE0121] 

Table 1. Atomic parameters for CeCusAu 

The constant B (A 2) of the Debye-Waller factor exp(-B sin20/3. 2) w a s  

calculated from the coefficients U o of the tensor of the anisotropic dis- 
placement factor (Hamilton, 1959). Standard deviations are given in paren- 
theses. 

x y z B 
Ce 4(c) 0.26078 (4) ~ 0.43593 (3) 0.98 (2) 
Cu(l) 8(d) 0.43493 (7) 0.0013 (1) 0.18791 (4) 1.00 (2) 
Cu(2) 4(c) -0.09178 (9) 4 l -0.48395 (6) 1.11 (3) 
Cu(3) 4(c) -0.18475 (9) 1 -0.25071 (6) 1.11 (3) 
Cu(4) 4(c) - 0.44400 (9) ~ - 0.39553 (6) 1.29 (3) 
Au 4(c) 0.14216 (3) I 0.13897 (2) 1.08 (1) 

Table 2. Interatomic distances for CeCusAu (/~) 

Standard deviations are given in parentheses 

Ce--Cu(2) 2.9425 (4) 2 x Cu(I)--Cu(2) 2.4737 (7) 
Ce---Cu(4) 2.9876 (4) 2 × Cu(l)---Cu(4) 2.5043 (7) 
Ce--Cu(4) 2.9962 (8) I × Cu(1)--Cu(3) 2.5063 (9) 
Ce--Cu(2) 3.0234 (8) I x Cu(l)--Cu(3) 2.5125 (8) 
Ce---Cu(l) 3.2051 (6) 2 x Cu( l ) - -Cu( l )  2.531 (1) 
Ce- -Au 3.2299 (4) 1 × Cu(l)--Cu(2) 2.5455 (8) 
Ce--Cu( l )  3.2354 (6) 2 x Cu( l ) - -Cu( l )  2.556 (1) 
Ce- -Au 3.2390 (4) I x Cu( l ) - -Au 2.7724 (6) 
Ce--Cu(3) 3.2477 (5) 2 × Cu(1)--Au 2.7823 (6) 
Ce--Cu(3) 3.2938 (7) 1 × Cu(I) - -Ce 3.2051 (6) 
Ce--Cu( l )  3.3257 (6) 2 × Cu( l ) - -Ce  3.2353 (6) 
Ce---Au 3.3968 (3) 2 x Cu(1)--Ce 3.3257 (6) 

Cu(2)--Cu(I) 2.4737 (7) 2 x Cu(3)--Cu(4) 2.498 (l) 
Cu(2)---Cu(3) 2.5364 (9) I x Cu(3)---Cu(l) 2.5063 (9) 
Cu(2)--Cu(1) 2.5455 (8) 2 × Cu(3)--Cu(1) 2.5125 (8) 
Cu(2)--Au 2.7193 (8) I x Cu(3)---Cu(2) 2.5364 (9) 
Cu(2)--Ce 2.9425 (4) 2 x Cu(3)--Cu(4) 2.612 (1) 
Cu(2)---Cu(2) 2.9783 (8) 2 × Cu(3)--Au 2.8166 (3) 
Cu(2)---Ce 3.0234 (8) I x Cu(3)--Ce 3.2477 (5) 
Cu(2)---Cu(4) 3.045 (1) 1 x Cu(3k--Ce 3.2938 (7) 

Cu(4)---Cu(3) 2.498 (I) 1 x Au--Cu(4) 2.6214 (7) 
Cu(4)--Cu(l)  2.5043 (7) 2 x Au--Cu(2) 2.7193 (8) 
Cu(4)---Cu(3) 2.612 (I) I x Au--Cu(1) 2.7724 (6) 
Cu(4)---Au 2.6214 (7) I x Au--Cu(1) 2.7823 (6) 
Cu(4)---Ce 2.9876 (5) 2 x Au--Cu(3) 2.8166 (3) 
Cu(4)-----Ce 2.9962 (8) 1 × Au---Cu(4) 3.0440 (5) 
Cu(4)---Au 3.0440 (5) 2 x Au-----Ce 3.2299 (4) 
Cu(4)---Cu(2) 3.045 (1) 1 x Au---Ce 3.2390 (4) 
Cu(4)----Cu(4) 3.4657 (9) 2 × Au--Ce 3.3968 (3) 

x 

x 

x 

x 

x 

x 

x 

x 

x 

x 

x 

x 

x 

2× 
2× 
1× 
1× 
2× 
2× 
I× 

1× 
1× 
2× 
2× 
2× 
2× 
I× 
1× 
2× 

With the Au atom occupying one discrete crystallo- 
graphic position, CeCusAu is to be regarded as an 
ordered intermetallic phase. Thus, it can be argued that 
for all compositions CeCu6_zAuz with x < 1 only this 
particular position is statistically occupied by Cu and Au. 
This assumption is supported by powder diffraction data 
of polycrystalline samples with intermediate Au content 
(Mock et al., 1993). 

The Ce atom has the high and rather unusual co- 
ordination number of CN = 19. Five Cu atoms and 
one Au atom form an approximately regular hexagon 
around it (Fig. 1). The other neighbouring atoms are 
arranged in a pentagonal pyramid below and a hexagonal 
pyramid above this ring. The polyhedron shows six 
rhombic and 22 trigonal faces. Following Daams, Villars 
& Van Vucht (1988) it can be described with the symbol 
64.162.235.033.216.0., 

* These symbols are based on the number of triangles and squares 
that join in the different vertices. The symbols indicate the number of 
equivalent comers with the number of triangular and square faces (in 
this sequence) given as superscripts. 
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The coordination polyhedra of all other atoms (Fig. 1) 
show a pseudo-threefold axis neglecting the distinction 
between Cu and Au. Although Cu(1) and Cu(3) do 
not have the same site symmetry their coordination 
polyhedra are very similar and may be described as 
distorted icosahedra (symbol 125°) with two of the 
triangular faces being almost coplanar. This similarity is 
also expressed by nearly equal displacement parameters 
and mean interatomic distances inside the coordination 
polyhedra. 

The arrangement of the 12 nearest neighbours around 
Cu(2) can be derived from an anticuboctahedron by 
a 30 ° rotation of the equatorial hexagon about the 
threefold axis. The polyhedron has 20 triangular faces 
and can be described by the symbol 65"036"o34.0 . 

According to the maximum-gap method (Brunner & 
Schwarzenbach, 1971) the coordination number of Cu(4) 
is CN = 13. The connection between the 16 triangular 
and three rhombic faces of the polyhedron is given by the 
symbol 65°34132.21 °'3. However, it has to be mentioned 
that two of the neighbouring atoms are considerably 
more distant from the central Cu(4) atom. Compared 
with the values for the other three Cu atoms the mean 
of the interatomic distances towards Cu(4) is about 

C u 3  

Ce Cu4 

Cu2 Ce 

C e  
C e  

Cu2 Cu3 

Fig. 1. Coord ina t ion  po lyhedra  in  the crystal  s t ructure  of  C e C u s A u .  
The  surfaces  o f  the d i sp l acemen t  e l l ipsoids  are d rawn  at the 90% 
probabi l i ty  level.  

m 

Table 3. Mean interatomic distances, ["]d (A), towards 
the central atoms in the coordination polyhedra for 

CeCusAu and CeCu6 

The coordination__ number  is given by the index [n]. At"Jd indicates the 
difference of  ~"ld for corresponding sites in CeCusAu and CeCu6. [Note that 
Cu(2) in CeCusAu corresponds to Cu(5) in CeCud.  

CeCu_a_Au CeCu_~_ At"]d 
Ce t'gl___d = 3.182 Ce 1'91d = 3.146 0.036 
Cu(l) It21___d = 2.746 Cu(l) 1'21___d = 2.72l 0.025 
Cu(2) ['21_.._d = 2.767 Cu(5) 1'21_..d = 2.748 0.019 
Cu(3) ~ = 2.759 Cu(3) t . ~  = 2.734 0.025 
Cu(4) ~ = 2.804 Cu(4) t'u___d = 2.779 0.025 

t~3ld = 2.906 I ' ld = 2.872 0.034 
Au ~ = 2.887 Cu(2) 1'21...._d = 2.840 0.047 

l l 4 1 d  = 2.960 l'41d = 2.918 0.042 

0.1 A larger (Table 3). Hence the significantly enlarged 
displacement parameter of Cu(4) can be understood. 

Similar to the situation around Cu(4), two of the 
interatomic distances between Au and the 14 atoms 
in its coordination sphere are significantly longer. The 
polyhedron has been described by Cromer et al. (1960). 
It can be visualized as a tetrahedron formed by four Ce 
atoms with a triangle of three Cu atoms above three 
faces of this tetrahedron. The fourth face is capped by 
a single Cu atom. The symbol 65°33233116°1°3 gives 
the connection of the three rhombic and 18 triangular 
faces of this polyhedron. 

In comparison to CeCt~, the lattice parameters a 
= 8.2455 (4) and c = 10.3659 (5) A of CeCusAu are 
increased by 1.6 and 2.0%, respectively, while b = 
5.0866 (3) A is slightly decreased by 0.4%. These lattice 
parameters agree within 0.1% with an extrapolation of 
powder diffraction data of CeCu6_~Aux with various 
compositions in the range 0 _< x _< 0.9 (Trappmann, 
1991; Schlager et al., 1993) and also with the powder 
diffraction data for the same sample mentioned above. 
The difference of 14.2 A 3 between the volumes of the 
unit cells is smaller than the expected value of 20.4 A 3 
based on the volume increments for neutral atoms listed 
by Biltz (1934). The atomic radii found in elemental Cu 
and Au (CN = 12) are [12]r(Cu) = 1.28 and [l~]r(Au) 
= 1.44 A. Thus, regarding atoms as hard spheres the 
replacement of four Cu atoms per unit cell by Au 
atoms should lead to an increase in the unit-cell volume 
of about 14.9A a which is in good agreement with 
the observed value. However, the additional volume of 
14.2A 3 cannot be assigned exclusively to the spatial 
requirement of the Au atom because the coordination 
spheres of all atoms are affected by a common dilatation 
of interatomic distances (cf. Table 3). 

This can be rationalized by the fact that the Cu 
atom (in CeCu6) being replaced by Au (in CeCusAu) 
is the one with the highest coordination number, the 
largest value for the mean interatomic distance in the 
coordination sphere (with respect to CN = 12) and a large 
displacement parameter. Therefore the Cu atom may be 
assumed to fill up the available space insufficiently while 
a larger atom like Au is more suited for that site. In 
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consequence it is expected that further substitution of 
Cu by Au (x > 1) would occur preferentially at a site 
offering similar conditions, i.e. Cu(4). 

For further work, it would be interesting to see if 
CeCusAu remains orthorhombic upon cooling to low 
temperature. It is well known that CeC'u6 undergoes a 
slight monoclinic distortion (with a deviation of about 
1.5 ° from a right angle) around 200 K (Vrtis, Jorgensen 
& Hinks, 1986; Gratz et al., 1987). 

Electrical r e s i s t i v i t y  

The electrical resistivity was measured with a standard 
four-probe low frequency a.c. method in a dilution 
refrigerator in the temperature range from 0.01 to 6 K. 
The sample was mounted in a special clamp with W 
blades having a fixed distance as voltage probes. The 
temperature dependence of the electrical resistivity p(T) 
of CeCt~_xAu~ for x = 0, 0.5 and 1 along the crys- 
tallographic b axis is shown in Fig. 2. For CeCu6 the 
resistivity p(T) displays a broad maximum around 10 K 
(beyond the T range of Fig. 2), a rapid decrease and a 
T 2 law at low temperatures, indicating the transition to 
coherent scattering in a periodic Kondo lattice (Onuki et 
aL, 1987; Amato, Jaccard, Walker, Sierro & Flouquet, 
1987) 

Alloying with Au has two main effects which can both 
be observed in the resistivity: 

(1) The translational symmetry is disturbed which 
affects the Bloch states of the conduction electrons 
leading to an increase of the residual electrical resistivity 
P0 (L6hneysen, Schr6der, Trappmann & Welsch, 1992). 

(2) For x > 0.1 long-range antiferromagnetic or- 
der occurs, seen here as a maximum in p(T) of the 

120 

- 80 

40 

m i l l • •  • • •  • 

J - CeCu+ 
[ " CeCusAu 
I • CeCus.sAuo.s 

0 , I , I , I 
0 2 4 6 

T(K) 

Fig. 2. Electrical resistivity p of CeCu6_zAu~ single crystals versus 
temperature T measured with current direction parallel to b. Inset 
shows p(T) in the vicinity of the antiferromagnetic transition for x = 
0.5 and 1. 

CeCus.~Au0.5 crystal at the N6el temperature TN = 
0.95 K. 

The non-stoichiometric CeCus.sAu0.5 shows the 
largest P0 (Schlager et al., 1993), enhanced by a factor 
of 20 to 25 compared to CeCu6, while P0 of the 
stoichiometric CeCusAu is reduced to ,-~25% of this 
maximum value. In CeCus.sAu0.5 half of the Cu(2) sites 
are statistically occupied by Au. Hence the alloy is the 
most disturbed of the three samples in the plot and is 
therefore expected to have the largest residual value of 
p0. Since CeCusAu is a stoichiometric compound with 
an undisturbed crystal syrmnetry, P0 should be much 
smaller than observed. Further investigations have to 
be carded out to clarify this point. The maximum of 
p(T) at TN --- 2.3 K signals the antiferromagnetic phase 
transition. 

In conclusion, we mention that TN (x) exhibits a sharp 
maximum for x = 1, although the structure remains 
single-phase orthorhombic up to x _,2 1.5 (Mock et al., 
1993). This again points out the special role CeCusAu, 
with just all the Cu(2) sites of CeCu6 occupied by Au, 
plays in this substitution series. The thermodynamic and 
magnetic properties of CeCusAu single crystals will be 
reported elsewhere (Lbhneysen et al., 1993). 

We thank H. Biirnighausen for valuable discussions. 
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Abstract 

It is shown that the only generally applicable crystal- 
lographic approach to the anion excess, fluorite- 
related solid-solution fields reported in the zirconium 
nitride fluoride, uranium nitride fluoride and lan- 
thanide oxide fluoride systems is a composite 
modulated structure approach. A TEM and powder 
XRD study has been made of the ZrNxF4-3x (0.906 
< x < 0.936) system. The appropriate superspace- 
group symmetries characterizing the Q and H sub- 
structures (and indeed the entire composite 
modulated structure) are shown to be P:Abmm:ls-( 
(a e-- 5.2, bQ"- 5.4, cQ-~ 5.4 A, qQ = - -  CQ* + [ C H *  - -  

co*]) if the description used is based upon the Q 
sub-structure and B:Pmcm:sll {a,v = aQ=5.2, bH = 
~bq=2.7, CH=(p/q)cQ (p<q)=0.845cQ--4.56A, q~, 
= ~bH* + [ell* - %*]} if the description used is based 
upon the H sub-structure. The relationships between 
the reciprocal lattices of the component sub- 
structures are given by a~, * =  a a * ,  bH * =  2 h a *  and 
o n * -  1.183%*. Fourier decomposition of the pre- 
viously reported conventional superstructure 
refinement of one member of this solid-solution field, 
Zr108N98Fi38, has provided both underlying parent 
sub-structures as well as an approximation to the 
atomic modulation functions (AM F's) describing the 
mutual influence of the two parent sub-structures 
upon each other. In addition, such a Fourier 
decomposition has given an indication of the sorts of 
problems that will inevitably be encountered in 
accurately determining the appropriate AMF's  when 
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a conventional superstructure refinement of such 
composite modulated structures is attempted. 

1. Introduction 

At an anion to cation ratio around 2.10-2.20 
(i.e.-MX2.1o to MX2.2o ) an anion excess, fluorite- 
related solid-solution field, within which each and 
every composition has its own unique (but closely 
related) structure, has been reported in the zirconium 
nitride fluoride, uranium nitride fluoride and (a 
range of) lanthanide oxide fluoride systems (Abaouz, 
1988; Mann & Bevan, 1972; Jung & Juza, 1973). 
Based upon several reported structure refinements 
(Bevan & Mann, 1975; Bevan, Mohyla, Hoskins & 
Steen, 1990; Jung & Juza, 1973) within the above 
solid-solution fields, Makovicky & Hyde (1981, 
1992) and Hyde & Andersson (1989) described such 
systems as vernier or misfit-layer structures in 
which pseudo-tetragonal unit layers of edge- 
connected {X'}M4 tetrahedra (consisting of a 44 net 
of anions sandwiched between similar, but lower 
density, nets of cations i.e. a {100} layer of fluorite 
type) alternate with pseudo-hexagonal 36 nets of 
anions (see Fig. 1). The most extensively studied of 
such solid-solution fields is the YOxF3-2x (0.78 < x 
< 0.87) system. Phase-analysis studies of this system 
by Mann & Bevan (1972) showed that each and 
every composition within the stoichiometric range 
Y-¥2.12 to YX2.22 ( X =  O,  F) had its own unique struc- 
ture i.e. no diphasic regions could be detected within 
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