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Abstract 

The nonstoichiometric compound [Ba]x[(Pt,Cu)O3] 
(x = 1.317) has a composite crystal structure with 
RP31 c . DR3m I I~.- is, a = 5 . 8 1 7 ( 2 ) ,  c = 4 . 2 3 3 ( 1 ) A ,  k = ( a * +  
b*)/3 + 1.519 (1)c*, V = 124.0 A 3, Z1 = 2, Z2 = 3, Dx 
= 7 . 4 6 M g m - 3 ,  M o K a ,  CuKfl ,  / . t ( M o K a ) =  
42.9 m m - l .  The structure was analyzed by a newly 
developed computer program based on the theory 
reported in a previous paper [Yamamoto (1992). 
Acta Cryst. A48, 476--483]. Final R factors: 0.075 
(overall), 0.041 (main), 0.108 (first-order satellite), 
0.102 (second-order satellite) and 0.224 (third-order 
satellite). The first subsystem, Ba, is located in the 
channels of the second columnar subsystem, 
(Pt,Cu)O3, parallel to the c axis. Atomic position and 
Pt/Cu-atom occupancies are modulated along the c 
axis by the interaction between the two subsystems. 
Ba atoms are displaced helically while Pt/Cu atoms 
have a displacive modulation only along the c axis 
with rotational displacement of the coordinated 03 
atom clusters around the c axis. The first subsystem 
has a trigonal structure but with rhombohedral 
modulation because of the rhombohedral subsystem 
of (Pt,Cu)O3. The possibility of a phase transition 
specific to the composite crystals is discussed. 

Introduction 

During synthesis of ErBa2Cu307 single crystals by 
the flux method using a CuO flux in a platinum 
crucible, the title compound was obtained (Shishido, 
Ukei, Saito & Fukuda, 1992) and was found to be a 
new composite crystal. 

In the previous paper (Yamamoto, 1992; herein- 
after refered to as I) a simplified treatment of compo- 
site crystals in superspace is discussed. The method is 
applicable to all kinds of composite crystals. 
Although the setting of the unit vectors in the 
reciprocal space is much constrained compared with 
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that based on the theory of Janner & Janssen (1980), 
the treatment in (I) is however still general and 
convenient for analyzing the composite crystal, as 
recognized by several authors (van Smaalen, 1989; 
Kato, 1990; Onoda, Kato, Gotoh & Oosawa, 1990). 
It is a similar method to that used in modulated 
structure analysis and the experience gained in the 
analysis of modulated structures can be applied to 
the analysis of composite crystal structures. 

The structure of the new composite crystal 
obtained was analyzed using the method described in 
(I). It has a new superspace group ,,oP31c'pR3mlll. Is. It 
consists of two modulated subsystems but their aver- 
age structures have hexagonal and rhombohedral 
lattices. The structure has occupational and displa- 
cive modulations. Therefore this is one of the most 
general composite crystal structures. The modulation 
is very strong and satellite reflections up to the third 
order are observed. The success of the analysis of 
such a structure demonstrates the efficiency of the 
method. The composite structures may give a variety 
of phase transitions which have not been studied 
fully. One example of such a phase transition was 
found in [AsF6][Hg]x[Hg]x (Pouget, Shirane, 
Hastings, Heeger, Miro & MacDiarmid, 1978). The 
possibility of such a transition is discussed. 

Experimental 

The chemical composition of the specimen was 
determined, by energy-dispersive X-ray (EDX) 
analysis, to be Ba4.0Ptl.7Cu~.lOx. The sample chosen 
had dimensions 0.04 × 0.06 x 0.46 mm. 

The integrated intensity data were collected on a 
Rigaku AFC-6A four-circle diffractometer using 
graphite-monochromatized Mo Ka radiation, up to 
2 8 =  55 °, with the w-20 scan mode [scan speed 
4 ° min- l  (w)]. During data collection, the intensities 
of three Bragg reflections were monitored after every 
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100 reflections measured, and no significant change 
in these intensities was observed throughout the 
experiment. Among 3625 measured reflections within 
the hemisphere, 631 unique reflections with IFol- 
3tr(lFo[) were considered observed. Ri , t=0.068.  
Corrections were applied for absorption (5.25 < A* 
< 14.18) and for Lorentz and polarization effects, 
but not for extinction. The unit-cell dimensions were 
determined from the setting angles of 19 fundamen- 
tal reflections (23 < 20 < 26°). 

The crystal is composed of two kinds of twin 
domains which are related by a 180 ° rotation about 
the common c axis. As reflections from these twin 
domains appear close to each other, the integrated 
intensity for each reflection cannot be measured 
separately. The intensity profile data were measured 
using graphite-monochromatized Cu Kfl radiation 
up to 20 = 62 ° with the step-scan mode along the c* 
direction. The c* component of the wavevector k 
was derived from six intensity profiles of these 
nearby reflections from two kinds of twin domains 
by least-squares profile fitting. The systematic 
absences of reflections were determined by the con- 
tributions from one kind of twin domain obtained by 
the intensity profile data. 

S t r u c t u r e  re f inement  

In the composite crystal, prominent reflections define 
two sets of three-dimensional reciprocal lattices of 
the two subsystems (Fig. 1). In the present case, the 
fundamental structure of the first subsystem has a 
hexagonal lattice with a = 5.817, c = 4 . 2 3 3  A and 
the basis vectors of the reciprocal lattice are denoted 
by a*',  b *~ and c *l. The fundamental structure of the 
second subsystem has a rhombohedral lattice with 
unit vector given by k' = (a*' + b*')/3 + 1.519e*'. If 
the hexagonal axes a . 2 =  ( a * ' +  b ' l ) /3,  b . 2 =  ( - a * '  
+2b* ' ) /3  and e . 2 =  1.519c*' are adopted for the 
second subsystem, the unit vectors a .2 and b .2 are 
also used to index the main reflections of the first 
subsystem, instead of a*' and b*'. This is the stand- 
ard setting of the unit vectors in the case of the 
modulated structure with the wavevector k ' =  (a*' 
+ b*~)/3 + ye*'  (de Wolff, Janssen & Janner, 1981). 
Since the choice of the reciprocal basis vectors 
common to the two subsystems is recommended in 
(I), a .2, b .2, e*' and e .2 were selected as the unit 
vectors for indexing reflections and recognized as the 
projection of the unit vectors in the f0ur-dimensional 
reciprocal lattice onto three-dimensional external 
space [d'l, d'z, d*3, d*4] e, where the superscript e 
means the external component of a four-dimensional 
vector. The unit vectors reciprocal to d*; (i = 1, 2, 3, 
4) are written as d~ and their projection onto the 
external space is written as dr. The observed reflec- 
tion with the diffraction vector h e is indexed as h e - -  

Z4= ~hid*f and it is regarded as the projection of the 
four-dimensional lattice vector Y4=~h,d*~ onto the 
external space. In the following sections we use hklm 
for the indices of reflections, instead of hlhEhah4. The 
j t h  (j = l, 2) subsystem is described with reference to 
PJd, = d/, where p1 is the identity permutation (1) 
and p2 is the permutation (3,4). Then the symmetry 
operator for the second subsystem is obtained from 
that for the first one by the permutation described 
in (I). 

The superspace groups deduced from the reflection 
conditions (l = 2n for hOlm and Oklm, and h - k - m 
= 3n for hk_lm) and the Laue symmetry (3m) are 

P 3 1 c - -  DP~Ic  R .~ll U[ ,, Ill for the first subsystem and pn3~ or 
pn~7 for the second one (de Wolff et al., 1981; Table 
1 in I). Therefore the possible superspace group is 
either D P a l c ' u n 3 m  DP31c'uRim The former was 1,. i l l . ~  ls o r  J~ 1 1 1 . ~  Is" 
adopted in the later stages of the structure deter- 
mination. 

Approximate coordinates of Pt/Cu and Ba ions in 
the average structure were determined by direct 
methods with R A N T A N  (Yao, 1981), those of the 
other atoms were derived from trial models. 
REMOS90 (Yamamoto, 1992), a new version of a 
computer program for the refinement of average and 
modulated structures by the least-squares method 
(Yamamoto, 1982a), was used for the refinement. 
The average structure analysis showed that Ba atoms 
take a trigonal structure with P31c and are located at 
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Fig. 1. A schematic view of the diffraction pattern from 
[Ba]x[(Pt,Cu)O3]. The radii of the discs are proportional 
to IE, I. 
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Table 1. Four&r coefficients forbidden or constrained 
by the site symmetry 

In the third column u, v and w, B and p represent the dis- 
placements along the a, b and c axes, the isotropic temperature 
factor and the occupation probability, respectively, d represents 
the displacement on the mirror plane perpendicular to the b axis. 

Atom Site symmetry Modulation 
Ba [ 3 ~ u, v Helical displacement 

t ) with n mod(3)~ 0 allowed 
w, B n mod(3) ~ 0 forbidden 

Pt/Cu 3m ) u, v Forbidden 

i s  w, B, p n mod(2);~0 forbidden 

m ] v n mod(2) = 0 forbidden 

s ] d, B n mod(2);~ 0 forbidden 

the Wyckoff position 2(b), while (Pt,Cu)O3 takes a 
rhombohedral structure with R3m, in which the Pt 
and Cu atoms occupy the same position at 3(a) and 
the O-atom occupation position at 9(b). 

In general there exists a deviation from the average 
structure, because of the interaction between two 
subsystems, which causes satellite reflections. The 
order of the satellite reflections is expressed by 
min(lll,lml) in this paper, hklO and hkOm are the 
main reflections while hkll ( i l l>0 )  and hklm 
(im! > 0) are the first-order satellites, hkl2 (111 > 1) 
and hk2m (Iml > 1) are the second-order satellites 
and so on. Satellite reflections up to the third order 
were observed in the present case, although the 
incommensurate composite crystals analyzed so far 
show no satellite reflections (Kato, 1990; Onoda et 
al., 1990) and satellite reflections have been observed 
only in commensurate composite crystals that have 
two sets of lattices commensurate to each other 
(Onoda & Kato, 1991). 

In the j t h  modulated subsystem, the x, y and z 
components of the displacement (u, v, w) with refer- 
ence to d/, the isotropic temperature factor B and the 
occupation probability p of an atom are described in 
terms of a Fourier series as follows: 

Ci(2J4) = Ao + Y,,"= ~[A,,cos(2rrnXJ4) + B,,sin(2zrn~q)], 

(1) 
where G / = u i, v% w j, B j or p J, 2J4 = fl*g.(X j + ~ )  with 
X j the lattice vector and ~ the position vector in the 
fundamental structure, a bar denotes quantities 
belonging to the fundamental structure, and m is the 
maximum order of harmonics. The Fourier ampli- 
tude of the nth-order harmonic in a subsystem 
mainly contributes to the nth-order satellite reflec- 
tions of that subsystem. However the nth-order sat- 
ellite reflections of the first subsystem hkOn overlap 
the main reflections of the second one and those of 
the second hknO overlap the main reflections of the 
first. Thus even when no satellite reflection is 

observed, the modulation waves can in principle be 
determined from the main reflections (Kato, 1990). 
Therefore the Fourier amplitudes up to the fourth 
order were taken into account in the present analysis. 

Since all the atoms are in special positions, some 
Fourier coefficients are forbidden or constrained by 
the site symmetry (Yamamoto & Nakazawa, 1981; 
Yamamoto,  1982b), as shown in Table 1. In particu- 
lar, a Pt/Cu atom is displaced only along the k axis, 
while only a helical displacement is allowed for Ba 
ions in the ab plane. In the latter, Fourier coefficients 
A,, B, for the helical displacement are expressed in 
terms of two parameters, Cn and Dn, as follows. 

u(~4) = (31/2CI + D~)cos(27rX4) 

+ ( -  CI + 3~/2Di)sin(27rX4) 

+ (3~/2C2 - D2)cos(4"n'X4) 

+ (C2 + 31/2D2)sin(47r~4) 

+ (31/2C4 + D4)cos(87r~ '4 )  

+ ( - Ca + 31/2D4)sin(8 zrX4) 

11(~'4) = 2DlCOS(2rrX4) - 2C~sin(27r~4) 

- 2D2cos(4zr~4) + 2C2sin(4rr~a) 

+ 2D4cos(8~x4) - 2Casin(87r~4). (2) 

Substitutional modulation is assumed for the 
occupation probability of a Pt/Cu atom; the occupa- 
tion probability of a Cu atom is given by 1 - p  when 
that of Pt is p. 

The refinement has been made using the integrated 
intensity including the contributions from both kinds 
of twin domains, which are not measured separately. 
Since the c*' component of k ~ is nearly equal to 3/2 
and the reflection condition for hklm is h - k - m = 
3n, reflections coming from the 180 ° twin domain 
with h~lm, 7ik?l _ 3m w- 2 and /i~l _ 6m-w 4 appear 
near the reflection hklm when h - k = 3n, 3n _+ 1 and 
3n ~ 1 respectively; these are integrated in the reflec- 
tion hklm. The total intensity of these reflections is 
calculated in the program and compared with the 
intensity of the observed reflection hklm. The 
refinement by the full-matrix least-squares method 
on IFI converged with R factors of 0.075 (overall), 
0.041 (main), 0.108 (first-order satellite), 0.102 
(second-order satellite) and 0.224 (third-order satel- 
lite) with the volume ratio of the twin domains being 
0.64:0.36. Final parameters are listed in Table 2.t  

In addition to R A N T A N  and REMOS90,  the 
UNICSIII program system (Sakurai & Kobayashi,  
1979) and the full-matrix least-squares program 

t A list of  observed and calculated structure factors has been 
deposited with the British Library Document Supply Centre as 
Supplementary Publication No. SUP 55386 (6 pp.). Copies may be 
obtained through The Technical Editor, International Union of  
Crystallography, 5 Abbey Square, Chester CH1 2HU, England. 
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Table 2. Final Fourier coefficients of  the modulation waves 

The  values have been multiplied by l02 for  the displacement f rom the fundamenta l  structure, by 10 for occupat ional  parameters .  The  
posit ions in the fundamenta l  s t ructure are (1/3, 0, 0), (0, 0, 0) and (0.14, 0.07, 1/2) for  Ba, Pt /Cu and O atoms,  respectively. Parameters  
constrained by the site symmetry  are indicated by asterisks. The  Four ier  coefficients Ao for the displacements o f  Ba and Pt /Cu a toms  
along the c axis are set to zero in order  to fix the origin. The  s tandard  deviations are in parentheses. 

Ao A ~ Bi A2 B2 A3 B3 A 4 B4 
Ba u 1.64 (5)* -0.53 (8)* 0.67 (6)* 0.83 (8)* -0.2 (I)* -0.27 (9)* 

v 0.36 (9)* - 1.69 (3)* - 0.39 (9)* 1.00 (4)* - 0.35 (8)* 0. I (I)* 
w 0 0.3 (2) --0.3 (I) 
B 1.12(4) 0.11 (9) -0 .7(1)  

Pt/Cu /d 

IJ 

w 0 - 0.2 (5) 4.7 (2) -- 0.4 (4) 5.7 (2) 
B 2.2 (1) 2.8 (2) -0 .6  (3) 1.5 (2) - !.1 (2) 
p 5.7 (I) --2.9 (3) 1.6 (5) -0.1 (2) -0.2 (4) 

u 1.1 (3)* 0.3 (5)* 1.2 (4)* 0.6 (5)* 0.2 (4)* 
v 0.5 (2)* 9.3 (5) 1.7 (7) 0.2 (2)* 0.6 (2)* -2.2 (5) -2.3 (5) 0.3 (2)* 0.1 (2)* 

,, I (1) 6 (2) - 6  (1) - ! (2) 2 (1) 
B 4(I )  - 4 ( I )  - 5 ( 2 )  --I (I) 2( I )  

RADIEL (Coppens, Guru Row, Leung, Stevens, 
Becker & Yang, 1979) were also used during the 
analysis. Atomic scattering factors for the 0 2. ion 
were taken from Tokonami (1965) and those for 
other ions were taken from International Tables for 
X-ray Crystallography (1974, Vol. IV, pp. 79, 86, 93, 
149-150). 

Discussion 

The projection of the fundamental structure along 
the c axis is shown in Fig. 2. The perspective view of 
the modulated structure is shown in Fig. 3. As seen 
in the figure, O atoms in the [(Pt,Cu)3] ~ column are 
rotated around the c axis forming the structure 
depicted in Fig. 4. Ba ions in the channels of the 
columns are displaced helically as mentioned before. 
The modulation of two adjacent Ba atoms along the 
c axis is almost antiphase because the c *~ component 
of k ~ is 1.519, which is equivalent to 0.519. Since its 
difference from 1/2 is very small, the displacement 
normal to the c axis varies very slowly along the c 
axis. Similarly, the O3 triangle rotates around the c 
axis at a period of almost 3c 2 along the c axis, 
because the wavevector for the second subsystem is 
c'2/1.519--" 2c'2/3. Some interatomic distances and 
angles for the atoms shown in Fig. 4 are presented in 
Table 3. 

Fig. 5 shows the variations of the occupation 
probability of Pt atoms, the displacement parallel to 
the c axis of Pt/Cu atoms and the rotation angle of O 
atoms around the c axis from the mirror plane along 
the c direction. As shown in Fig. 6, there exists a 
correlation between the occupation probability of 
Pt/Cu atoms and the twist angle of the coordination 
polyhedra of O atoms. If the twist angle is large, a 
Pt/Cu atom has an octahedral coordination because 
the two adjacent 03 triangles along the c axis rotate 

in opposite directions and, if the twist angle is small, 
it has a trigonal prismatic coordination. The Pt ion 
tends to possess octahedral coordination. 

The mean occupation probability of Pt atoms 
obtained by the refinement and the ratio of the c axes 
of the two subsystems leads to the chemical com- 
position [ B a ] l . 3 [ ( P t o . 5 7 C u o . 4 3 ) O 3 ] - -  B a 3 . 9 P t l . T C U l . 3 0 9  ' 

which agrees well with the result of EDX analysis. 
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o o, o 
Fig. 2. A view of  the fundamenta l  s tructure a long the c axis. 

Dot ted ,  filled and open circles represent Ba, P t /Cu and O atoms 
respectively. 
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Fig. 3. A perspect ive  view o f  the m o d u l a t e d  s t ruc ture  a l o n g  the c 
axis. T h e  a t o m  key is same  as tha t  in Fig. 2. 

Fig.  4. A pa r t  o f  a [(Pt,Cu)O3]® c o l u m n  and  the s u r r o u n d i n g  Ba 
ions. T h e  a t o m  key is same  as tha t  in Fig.  2. 

Table 3. Interatomic distances (,~,) and angles (o) 

Ba--Ba" 4.22 (1) Ba--Ba '~ 4.22 (2) 
Ba~'--Ba ~x 4.10 (2) Ba--Pt /Cu 3.59 (2) 
Ba"--Pt/Cu" 3.65 (I) Ba- -O 2.73 (8) 
Ba"---O 3.33 (7) Ba"---O 3.11 (7) 
Pt/Cu--Pt/Cu" 2.82 (2) Pt/Cu"--Pt/Cu "~ 2.84 (2) 
Pt/Cu"'--Pt/Cu" 2.57 (2) P t /Cu--O 2.04 (7) 
Pt/Cu--4)'  2.26 (7) Pt/Cu"--4) 1.83 (7) 
Pt/Cu"--4) '~ 2.20 (6) Pt/Cu . . . .  O" 2.03 (6) 
Pt/Cu"'--O'" 1.97 (8) Pt/Cu'V--O '" 2.13 (7) 
O---O" 2.3 (2) O"- -O TM 2.7 (1) 

O---Pt/Cu--O'  95. (3) O - - P t / C u - - O  v 136. (3) 
o - - -P t /Cu- -O V' 68. (4) O ' - -Pt /Cu--4)  v 75. (3) 
O--Pt /Cu"- -O"  100. (3) O--Pt/Cu"---O ~' 78. (4) 
O- -P t /Cu" - -O  TM 175. (3) O"- -Pt /Cu"- -O TM 76. (3) 
O"--Pt/Cu'"--O"'  93. (3) O"--Pt /Cu '"- -O TM 84. (3) 
O" ' - -Pt /Cu" ' - -O ~" 176. (3) (Yi'--Pt/Cu"'--4) TM 89. (4) 
(Y"--Pt/Cu'~--O .... 81. (4) P t /Cu--O--Pt /Cu"  93. (3) 
Pt/Cu"---O"--Pt/Cu ''' 84. (2) Pt /Cu" ' - -O" ' - -Pt /Cu ~ 78. (3) 

S y m m e t r y  code:  (i) x, y, z - 1; (ii) x, y,  z + 1; (iii) x, y, z + 2; (iv) 
x, y,  z + 3; (v) - y ,  x - y,  z - 1; (vi) - y ,  x - y,  z; (vii) - y ,  x - y, 
z + l ; ( v i i i )  - y , x - y , z + 2 ; ( i x )  x , x - y , z + ~ .  

The mechanism of stabilizing the composite crystal 
structures is not known. In particular, it is interesting 
how a structure is stabilized, as in the present case, 
when trigonal and rhombohedral subsystems inter- 
penetrate each other. In the whole structure, the 
second subsystem (Pt,Cu)O3 forms a framework 
structure because (Pt,Cu)O3 polyhedra are con- 
sidered to be bound tightly along the c axis. In the 
channels among [(Pt,Cu)O3] ~ columns, Ba atoms are 
located at positions forming a hexagonal lattice. If 
we consider the (Ba)~ column along the c axis which 
has a period incommensurate to that of (Pt,Cu)O3 
and take into account only the interaction between 
the two subsystems, then each (Ba)~ column will 
have no preferred position along the c axis because 
of the incommensurability. Therefore, a correlation 
may exist among the (Ba)~ columns forming the 
hexagonal lattice. Similar considerations can be 
given to the second subsystem. [(Pt,Cu)O3] ~ columns 
are separated by the (Ba)~ columns and have no 
preferred position along the c axis. The rhombo- 
hedral lattice is considered to be realized by the 
interaction between the [(Pt,Cu)O3] ~ columns, which 
prefers the rhombohedral lattice to the hexagonal 
one. If the interaction between the columns is weak 
and of the order of kBT, we can expect a phase 
transition at high temperatures from the ordered 
structure to a disordered structure in which the 
positional correlation among the columns is lost. 
Such a phase transition is observed in 
[AsF6][Hg]x[Hg]x (Pouget et al., 1978). Therefore, 
composite crystals may give a variety of phase transi- 
tions, which have not been studied enough. 

We thank Y. Saito for the EDX analysis. Our 
thanks are also due to Professor H. Horiuchi 
(University of Tokyo) for the use of the EDX 
analyzer facilities. 
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