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Abstract 
The structure of Sb0.9Vl.104, antimony vanadium oxide, 
has been studied by powder X-ray diffraction, electron 
diffraction and high-resolution electron microscopy 
(HREM). The X-ray powder diffraction pattern showed 
only basic rutile reflections Jar = 4.6085 (1), Cr - 
3.0867 (1)/~] and the basic rutile structure was refined 
using the Rietveld method. A rutile superstructure was 
revealed when the sample was studied by electron 
diffraction. The electron diffraction patterns were 
indexed on the unit cell a = 21/2ar, b = 21/2br, C = 
2Cr. Its space group, 141md, was determined by means 
of convergent-beam electron diffraction (CBED). A 
structural model based on alternating cation ordering 
along c in the chains of edge-sharing octahedra is 
proposed and its electron diffraction patterns and HREM 
image are calculated and matched with the experimental 
ones .  

2, i.e. fourfold, rutile superstructure. We have so far 
only been able to prepare Sb0.9Vl. lO4 in the presence of 
excess a-Sb204, due to the volatility of antimony oxide 
at high temperature and low oxygen partial pressure. 

Magnetic susceptibility measurements (Sch0er & 
Klemm, 1973), Mrssbauer spectroscopy (BirchaU & 
Sleight, 1976), ESR (Berry & Brett, 1983), bond-valence 
summations (Hansen, S~hl, Nilsson & Andersson, 
1993) and energy-dispersive X-ray spectroscopy (EDX) 
experiments (Landa-C~inovas, Nilsson, Hansen, Sffthl 
& Andersson, 1995) revealed that only Sb 5+, V 4+ and 
V 3+ were present and characterized the composition 
of the end-member studied here as Sb0.92 (l)Vl.08 ~1)O4 
(EDX). The unit cell and symmetry observed by electron 
diffraction in this compound do not fit with any of 
the 16 different types described by Baur (1994). The 
purpose of this paper is the elucidation and description 
of the crystal structure of the rutile-type superstructure 
observed in Sb0.9Vl. lO4.  

I. Introduction 
The rutile crystal structure was determined by Vegard 
(1916). It is an AX2-type structure and can be described 
as rows of edge-sharing AX 6 octahedra along the z- 
direction joined by corner sharing in the xy plane. Baur 
(1994) lists 16 structure types derived from the aristo- 
typic rutile structure. From these, only two - CuUO4 
and trirutile - are formed by cation ordering along the 
chains of edge-sharing octahedra. 

In a recent work two non-stoichiometric series 
have been described for ~ S b V O 4  (Landa-Cdnovas, 
Nilsson, Hansen, St~hl & Andersson, 1995). This 
compound, with rutile-type structure, is used as 
part of a catalyst in a recently developed method 
for the direct production of acrylonitrile by the 
ammoxidation of propane. The two non-stoichiometric 
series described are Sbo.gVo.9 + x[--]0.2_ xO4, 0 <_ x <_ 0.2, 
and Sbo.9-vVI . I  + vO4, 0 _< y < 0.7. Both series have 
a common end-member, Sbo.9Vt.IO4, which shows by 
electron diffraction, but not by powder X-ray diffraction, 
superlattice reflections characteristic of a 2 ~/2 x 2 ~/2 x 

t Present address: Centro de Microscop/a Electrrnica Luis Bru. FCC 
Qufmicas, Univcrsidad Complutensc dc Madrid, 28040 Madrid, Spain. 

2. Experimental 

2.1. Synthesis 

An equimolar mixture of V205 (Riedel-de Hahn, 
99.5%) and Sb203 (Merck, > 99%) was heated at 1073 K 
in a silica ship, inside a silica tube, under flowing N2 
(Aga Plus, < 5 ppm 02 and < 5 ppm H20). Oxygen 
was removed from the gas flow by passing the nitrogen 
through a several centimetres long skein of thin copper 
wire, which was placed in front of the ship in the furnace. 
Due to the presence of Cu metal at the end of the 
experiment, the oxygen pressure is assumed to be below 
the equilibrium pressure over a Cu/Cu20 mixture, i.e. 
< 10 -~ atm. 

2.2. X-ray diffraction 

The sample was studied by X-ray powder diffraction 
using a Guinier-H~igg camera with CuKc~l radiation 
(A = 1.54056/~) and Si (a = 5.43088/~) as an inter- 
nal standard. Additional runs were performed using an 
INEL diffractometer, with CPS 120 detector and Cu Kc~l 
radiation in transmission mode. X-ray powder intensity 
data were collected in reflection mode on a Huber single 
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crystal diffractometer, equipped with a spinning powder 
sample holder and Mo Ko~ i-2 radiation (A = 0.70932 and 
0.71359/~). 

2.3. Electron microscopy 
Electron diffraction was carried out on a transmission 

electron microscope (JEM 2000FX) fitted with an EDX 
detector and a LINK AN10000 system. For CBED 
experiments a Gatan double-tilt liquid-nitrogen cooling 
holder was used. HREM was performed in a JEM 
4000EX electron microscope (400 kV) with a structural 
resolution of 1.6/~. Image simulations were made with 
the computer program NCEMSS (Kilaas, 1987) using the 
multislice method. Kinematical selected-area electron 
diffraction (SAED) patterns were calculated with the 
EMS (Stadelman, 1987) simulation program. For image 
processing, the Semper-Plus 6 (Saxton, 1978) program 
was used. 

3. Results 

3.1. X-ray structure refinements 
The powder X-ray-diffraction patterns recorded in 

three different types of experiments showed only basic 
rutile and o~-5b204 reflections. Therefore, only the basic 
rutile structure could be refined by means of Rietveld 
analyses. The molybdenum data were utilized for this 
purpose and the program used, LHMP1 (Hill & Howard, 
1986), was modified to allow for split pseudo-Voigt 
profile functions instead of conventional asymmetry cor- 
rections and Chebyshev functions for background mod- 
elling. Orthorhombic o~-Sb204 w a s  introduced as a sec- 
ond phase without attempting to refine its structure 
(Thornton, 1977). 

The refined parameters comprised ten profile pa- 
rameters, nine background parameters, one 20-zero 
parameter, two scale factors, two plus three unit-cell 
parameters and eight structural (coordinate, occupancy 
and anisotropic temperature factors) parameters for 
~SbVO4. The scattering factors were taken as equal 
mixtures of Sb°-Sb 5÷, V°-V 3+ and O°-O 2-, following 
the findings by Matsuhata, Gjcnnes & Taft¢ (1994), and 
were taken from International Tables for Crystallogra- 
phy (1992, Vol. C) and for 02- from Hovestreydt (1983). 
The refinements were considered converged when the 
maximum shift/parameter e.s.d, was less than 0.2. The c~- 
S b 2 O a / S b V O 4  scale factor ratio was found to be 0.5%. 
In Fig. 1 the experimental diffraction pattern and the 
difference between the experimental and calculated ones 
are presented. The refinement results are summarized 
in Table 1.* 

* The numbered intensity of each measured point on the profile 
has been deposited with the IUCr (Reference: AB0356). Copies may 
be obtained through The Managing Editor, International Union of 
Crystallography, 5 Abbey Square, Chester CHI 2HU, England. 

Table 1. Rietveld refinement summary 

20 range (o) 12.00-90.00 
Step size (°) 0.02 
No. of profile steps (n) 3900 
No. of Bragg reflections 168 
No. of parameters (p) 36 
Rp = EIY~ ° - Y[I/E(~ °) (%) 5.79 
Rwp = ( E w i ( Y , ° - Y [ ) 2 / E ( w ; y , ° 2 ) )  1/2 (%) 7.86 
GOF = Ewi(Y i  ° - Y[)2 / (n -p )  2.93 
RBragg = ]Ellf --I~1/]~(1~) (%) 1.78 
Space group P 4 2 / m n m  
a (A) 4.6085 (1) 
c (A) 3.0867 (1) 
x(O) 0.3040 (4) 
Ba,,(Sb/V ) (A 2) 0.70 (2) 
Bav(O ) (A 2) 0.77 (9) 
Refined composition Sb09211 bV10811 ~O4 

3.2. Selected-area electron diffraction 
Although superlattice reflections are present over a 

small range in both non-stoichiometric series mentioned 
previously, they were always more intense in the end- 
member. Consequently, most of the electron diffraction 
study has been carried out on this type of sample. 

The reciprocal lattice of Sb0.9Vl.104 has been studied 
by SAED. Fig. 2 shows four high-symmetry SAED 
patterns. It is very important to notice that although 
most SAED patterns show superlattice reflections, no 
extra reflections are observed when the SAED pattern 
is obtained along [001]. Another interesting fact is that 
the superstructure reflections were always more intense 
in the [101],. - [111]* diffraction patterns. 

A careful reciprocal lattice study by electron diffrac- 
tion has revealed the following unit cell for the rutile 
superstructure a = 2ma,., b = 2 1 / 2 a r  and c = 2c,. 

All reflections hkl, h + k + l = 2n + 1, are systemat- 
ically absent, according to the extinction conditions for 
a body-centred unit cell. The high multiple-diffraction 

* Subindex r refers to the basic rutile unit cell. Directions, plancs etc.  
given without subindices always refer to the supercell. 

14 
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30 ' 60 90 
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Fig. 1. Powder X-ray diffraction profile (Mo K(~) of Sbo.gVl.iO4 and 
0-Sb204. The final calculated difference pattern is shown below 
the experimental. 
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character of electron scattering does not affect the body- 
centred forbidden reflections, since there is no allowed 
vector in the reciprocal lattice that can add intensity to 
them. 

The transformation matrix from the rutile cell to the 
supercell is 

M = E  , 0  
1 1 0 

0 2 

3.3. Convergent-beam electron diffraction 

CBED experiments were difficult to perform since the 
superlattice ordering usually did not cover large areas in 
the crystal. However, occasionally the crystals presented 
a very high degree of order that allowed recording of 
good enough quality CBED patterns. 

In Fig. 3(a) a CBED pattern along the [001] direction 
is shown. It can be seen that superlattice reflections 
are observed in the first-order Laue zone (FOLZ), but 
not in the zero-order Laue zone (ZOLZ) or the second- 
order Laue zone (SOLZ). The pattern shows 4mm whole 
pattern (WP) symmetry, i.e. the two-dimensional point- 
group symmetry observed in the whole pattern, see 
Buxton, Eades, Steeds & Rackham (1976). In Fig. 
3(b) a blow up 'of the ZOLZ reveals the presence 
of Gj0nnes-Moodie (G-M) lines for hhO and hhO (h 
odd) reflections, which are indicative of a d glide 
plane parallel to <110> (Buxton, Eades, Steeds & 
Rackham, 1976; Tanaka & Terauchi, 1985). In Fig. 
4 a CBED pattern along the [010] = [ l l 0 ] r  direction 
shows the presence of a mirror plane perpendicular to 
a*. Careful examination of the diagrams in Figs. 3(a) 
and 4 demonstrates a shift between the ZOLZ and the 

Fig. 2. SAED patterns from different 
Sb0.9Vl. IO 4 crystals along four 
high-symmetry directions. Notice 
the absence of superlattice reflec- 
tions in the [001 ] zone-axis pattern 
and their weakness along [110]. 
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Table 2. S c h e m e  o f  the  p r o c e d u r e  f o l l o w e d  f o r  the  ru t i le  

s u p e r s t r u c t u r e  s p a c e - g r o u p  d e t e r m i n a t i o n  by  C B E D  

(see t ex t  f o r  e x p l a n a t i o n )  

Point -group determinat ion 

• [ooq 

• (100) 

WP symmetry Diffraction group Point group 
4mvm~ 4mm 4mm 

4mml x 4/mmm 
m3m (Cubic) 

WP symmetry 
my 

Point group 
4mm 

4/mmm 

Diffraction group WP symmetry 

ml R my 
2mm l R 2mvmv 

Point group: 4mm 
Space group determinat ion 

• Lauice type 
[001] =~ hk0 : h + k = 2n 

h k l : h + k = 2 n + l  h + k + l = 2 n  
(100) =~Okl : k + l = 2n ~, 

lkl : k + l = 2n + 1 I centring 

• G - M  lines 
[001] ::~h_h0, h = 2n + 1 :=~ /_ _d 

hh0, h = 2n+ 1 
[h01] :=~ no G-M lines =~ 14lind 

h, l  = 2n + l =~ 141cd 

FOLZ reflection nets, which is characteristic for a body- 
centred cell. The lack of a difference in periodicity 
between the ZOLZ and the FOLZ indicates the absence 
of a glide plane perpendicular to this direction. 

In Table 2 we summarized the procedure followed to 
determine the superlattice space group. The 4 m m  WP 
symmetry observed in the [001] CBED pattern allows 
only two possible diffraction groups, which correspond, 
along this direction, to three possible point groups. The 
third point group is rejected because it is possible only 
for cubic symmetries. The presence of only one mirror 
plane in the <100> CBED pattern, i.e. the absence of a 
mirror plane perpendicular to c*, eliminates the 4 1 m m m  

Table 3. P o s s i b l e  w a y s  o f  a r r a n g i n g  f o u r  c h a i n s  o f  edge -  

s h a r i n g  o c t a h e d r a  a l o n g  c w i th  A B A B  m e t a l  o r d e r i n g  in 

ru t i l e  

No. Type* 
1 AA 

AB 

2 AB 
AB 

Maximum symmetry Unit cell 
P m m n  a I = 2 1 / 2 a t  

b i = 21/2br 
c I = 2c r 

14trod a2 = 21/2a, 
c 2 = 2c, 

3 AB P421m a 3 = a, 
BA c 3 = 2c, 

4 ,4,4 --no. 3 
AA 

* Ordering in the ab plane. 

point group and confirms the 4ram point group for this 
rutile superstructure. 

When the observed body-centring, 4 m m  point group 
and the d glide plane are considered, only two possible 
space groups are allowed, 141 md and 141 cd.  T h e  presence 
of a c glide plane can be excluded from the [100] zone- 
axis pattern, see Fig. 2(b), since we observe Okl, l = 2n + 

1, reflections and in this zone axis there is no possibility 
of double diffraction phenomena that could add intensity 
to them. Therefore, we deduce the space g r o u p / 4 , m d  
for the observed superlattice. 

3.4. S u p e r s t r u c t u r e  m o d e l  

To find a suitable model that explains the elec- 
tron diffraction patterns observed, we considered the 
fact that in the electron diffraction pattern along the 
[001] direction no superlattice spot was observed in 
the ZOLZ, suggesting that it is some type of ordering 
along the edge-sharing octahedral chains that produces 
the superstructure and, therefore, the projection of the 
structure along [001] will not show any indication of 
extra ordering. This, together with the presence of almost 

Fig. 3. (a) CBED pattern along 
the [001] direction. Zero-, first- 
and second-order Laue zones are 
indicated. (b) Central area of Fig. 
2(a). Notice the G-M lines along 
[I 10]* and [li0l*. 
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Table 4. Crystallographic data for the structural model 
proposed for the Sbo.gVl.lO 4 rutile superstructure 

Space group 14lind, unit-cell parameters: a = 21/2a,, b = 21/2br, 
c = 2c, [a r = 4.6085 (1), c, = 3.0867(1)A]. 

Wyckoff Positional Atomic 
position* coordinates occupancy 

x y z 
(4a) 0.0 0.0 0.0 V 
(4a) 0.0 0.0 0.5 Sb 
(8b) 0.0 0.304 0.0 O(1) 
(8b) 0.0 0.696 0.5 0(2) 

y ½; *(4~) 0,0,z; 0,½,z+~; (8b) 0,y,z, ½,~- , z+  -y,½,z+~; 
y+½,0,z+~. 

equal amounts of  two different cations, led us to use 
as a starting assumption that the ordering of  the two 
different cations along the [001] direction produces the 
superlattice. 

We tested all the possible models for alternating cation 
ordering along the c direction and only one could be 
found that fitted with a 21/2ar, 21/2br, 2Cr body-centred 
unit cell, see Table 3. This structure model is represented 
in Fig. 5 and its ideal atomic coordinates in Table 4. The 
model is consistent with the 141md space group, also 
agreeing with the symmetry  detected by CBED. 

3.5. High-resolution electron microscopy 
HREM experiments presented large difficulties, prob- 

ably because of  the tendency of  the Sb0.qVl.i04 crystals 
to lose ant imony oxide, as previously reported by Berry, 
Brett & Patterson (1983) and Landa-C~inovas, Nilsson, 
Hansen, St~flal & Andersson (1995). This tendency seems 

to increase with the higher vacuum obtained in the 
HREM microscope. Thus, while in a 2000 FX micro- 
scope the crystals show clear superlattice reflections, in 
the 4000EX microscope these reflections smear out and 
cause diffuse intensity lines parallel to [110]* (Fig. 6) 

~"_ ~ - , I  I - - - - - - -@~ 
• 

Fig. 5. Structure model proposed for the rutile superstructure observed 
in Sbo.9V,.jO4 seen approximately along c. Large black spheres 
denote Sb atoms, large open spheres V atoms and small open 
spheres O atoms. 

Fig. 4. CBED pattern of an Sbo.9Vl. iO 4 crystal oriented along the 
[010] direction. A mirror plane perpendicular to a* is indicated. 

Fig. 6. Electron diffraction pattern from a Sb0.gVl.I 0 4 crystal oriented 
along the ll01]r -- [1 I11 direction recorded on a JEM 4000EX 
electron microscope, cf the equivalent diffraction pattern in Fig. 2. 
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Fig. 7. (a) High-resolution micrograph from a Sb0.gVl.lO 4 crystal along the [111] direction. (b) Fourier transform of one superstructure domain 
(Semper-Plus 6; Saxton, 1978), showing the presence of well defined superlattice reflections. (c) Magnified illustration of a superstructure 
domain in Fig. 7(a). The image simulation is inserted in the lower right corner (crystal thickness 100A, defocus 350,~,). 

as we observed in samples with composition near the 
existence limit of this rutile superstructure, cf. Fig. 2 
in Landa-C~inovas, Nilsson, Hansen, St~thl & Andersson 
(1995). 

However, high-resolution images could nevertheless 
be obtained. In these the superstructure was present in 
small islands in a rutile-type matrix (Fig. 7). Image 
simulations of the proposed structural model fit with the 
experimental image. The image was recorded along the 
[101]r direction, because it is along this direction which 
the superstructure reflections show higher intensity. The 
model projection of Fig. 8 shows that along this direction 
all the cations of each species are aligned perfectly in 
rows along the viewing direction, explaining why the 
superlattice reflections are more intense in this zone axis. 

4. Discussion 
4.1. Structure model description 

This model can alternatively be interpreted as two 
interpenetrating cation spirals running along c in the 

Fig. 8. Projection of the proposed model along the [ I 11 ] direction. The 
centres of dark and light shaded octahedra are occupied by V and 
Sb cations, respectively. The comers of the octahedra are occupied 
by oxygen anions. 
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rutile-type anion sublattice, each spiral formed by one 
type of cation. Another way to describe this structure is 
as a topological transformation of the zircon structure- 
type (see Fig. 9). In the zircon-type structure the big 
cation occupies the bisdisphenoids (eight-cornered poly- 
hedra) and the small cation occupies the tetrahedral 

Sbo.,VI.IO4 Z i r c o n  

VSb V Sb 

oSb 
• V 

• o O 

Fig. 9. Layers of the described rutile superstructure and zircon-type 
structure (modified from Hyde & Andersson, 1989). 

polyhedra. Both polyhedra share edges and the whole 
structure transforms into the described rutile superstruc- 
ture by a slight shift of the cations and anions in two 
edge-sharing octahedra, as shown by Hyde & Andersson 
(1989). In other words, the structure presents the same 
cation arrangement as the zircon-type structure, but 
the cations are not displaced from the centre of the 
octahedra. However, we must point out that the elec- 
tron diffraction and the X-ray powder diffraction show 
that almost no distortion is present in the basic rutile 
sublattice. Besides, the zircon structure-type presents an 
a glide plane perpendicular to c, which is not possible 
when the rutile-type anion sublattice is kept unaltered. In 
the S b 0 . 9 V l . l O  4 superstructure, CBED experiments have 
shown the absence of such an a glide plane. 

The electron diffraction patterns for this model were 
calculated in the kinematical case with the EMS com- 
puter program (Stadelman, 1987). In Fig. 10 we show the 
calculated patterns corresponding to the four directions 
shown in Fig. 2. The fitting is excellent. Although this 
fitting is not quantified as in X-ray diffraction, it shows 
that at least qualitatively the model is correct. 

• • • • 

• • 

• • O • 

• • l 

O 

• • S 

O • • 

• • • 

(a) 

(c) 

O 

O 

O 

hk3=  
• • 

hkl-,  

O • 

O 

O 

(b) 

• • • • 

/ 

• • • • 

(a) 

O 

Fig. 10. Calculated SAED patterns, 
oriented as in Fig. 2, for the 
fully ordered Sbo.gWl.iO4 rutile 
superstructure model proposed 
along the directions: (a) [0011, 
(b) 1100], (c) [110] and (d) !1111, 
respectively, using the kinematical 
approximation. 
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4.2. Compositional versus displacive model 
The possibility of a displacive superstructure remains 

to be commented upon. The observed space group only 
allows cation displacements along the c axis, because 
the cations lie in the intersection between two mirror 
planes. Therefore, only longitudinal displacements along 
the c axis are possible. In that case the superstructure 
will be formed by a coupling of the atoms along the 
[001] direction. It is well known (Korekawa, 1967) that 
in compositionally modulated structures the intensity of 
the modulation reflections will vary in the same way as 
the intensities of the basic reflection intensities all along 
the diffraction pattern, but if the modulation is of longi- 
tudinal displacive character along z, the intensity of the 
modulation reflections will increase, if compared with 
the basic ones, as the l Miller index of the reflections 
increases. A physically reasonable displacive model is 
obtained with the positional coordinates set to z = 0.02 
for the first metal position and z = 0.48 for the second, 
and a fully disordered cation distribution. The cations 

thus become slightly more off-centre in the octahedra 
with metal-oxygen distances of 1.91 (2 ×), 1.99 (2 x) 
and 2.10/~ (2x), for both sites. In the model without 
metal-atom displacements (Table 4), the distances are 
1.98 (2x) and 2.00/~, (4×). The metal-metal distances 
along c in the displacive model become altematingly 
2.84 and 3.33/~. In the model without displacements 
the corresponding metal-metal distances are all equal 
to 3.09/~,. This can be compared with the situation in 
monoclinic V204 (Longo & Kierkegaard, 1970), where 
alternating V- -V distances of 2.62 and 3.18 A (average 
2.90/~) were observed. For the displacive model of 
Sb0.9Wl.iO 4, the electron diffraction patterns have been 
calculated and are shown in Fig. 11. A distinctive char- 
acteristic is found in the [111] zone axis, where the hk3 
reflection row (marked with an arrow) shows a higher 
intensity than the hkl row, while in the compositional 
model and in the experimental case higher intensity 
is observed in the hkl row than in the hk3 row. The 
dynamical character of electron scattering may cause a 

$ • 

• • 

• • I • • • • 
• • • 

• • O • • " • 

• • • 

• • • 
v 

(a) 

(c) 

"1" 

(b) 

hk3-1 . • • • 

I • hkl"il  

O 

• • • • 

• "//" 

• • • 

(a~ 

Fig. 11. Calculated SAED pattems 
equivalent to Fig. I0 for a dis- 
placive superstructure model with 
cation displacement along the c 
axis, but with a fully disordered 
distribution of Sb and V. 
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tendency to level the intensity of both rows, but never to 
invert their respective intensities. Since dynamical scat- 
tering affects much less superstructure reflections due to 
their relative weak intensity, the calculated kinematical 
intensities for superstructure reflections can successfully 
be compared with the experimental ones while, as can 
be seen in Figs. 2, 10 and 11, the average structure 
reflections are strongly affected by dynamical scattering. 

In Fig. 2(b) it can be seen that the reflections hhl, 2h + 
l = 2n, are extremely weak, but present, breaking the 
reflection condition imposed by the d glide plane (hhl, 
2h + l = 4n). These reflections show Gjcnnes-Moodie 
lines in CBED patterns, whose presence can only be 
explained by double diffraction phenomena from the 
FOLZ, as is well known in the case of d glide-forbidden 
reflections in spinel. 

A displacement of the anions along the ac and bc 
planes is also possible either expanding or contracting 
the octahedra, allowing them to adapt to the different 
cation sizes, which is important from the chemical point 
of view. This would have very little effect on the electron 
diffraction pattern and it has not been possible for us to 
observe it. 

4.3. Rietveld calculations 

The electron diffractograms exhibit a rutile super- 
structure not detected in the powder X-ray diffrac- 
tion experiments, performed using Mo Ko~ radiation in 
reflection mode or monochromatic Cu Kc~i radiation in 
transmission mode. Powder diffraction spectra calculated 
for the superstructure model with different degrees of 
metal ordering (and metal-atom displacements) allow 
us to conclude that the average metal ordering in the 
samples must be far from perfect. However, it turns out 
to be difficult to estimate an upper limit for the degree 
of ordering that should be detectable considering the 
noise level in the experimental spectra. This is due to an 
almost perfect overlap of the two strongest (lowest theta) 
superlattice reflections of Sb0.9Vl.lO4 with reflections 
from o~-Sb204. As mentioned before, we have not been 
able to prepare samples of Sb0.9Vl.lO4 without o~-5b204 
being present, when working in an open system. 

The observation by X-rays of considerable average 
disorder is nevertheless compatible with the electron 

\ / o  o\/o o\/0-7- % /° 
Sb 0 Sb ~b 0 ~b 

/ \  I / \  / \  I / \  
0 ~ - - v  0 0 0 o--l"l--o 0 

\/ i \/ \/ i \/ 
V 0 V 5b 0 5b 

/ \  I / \  / \  I / \  
0 O--Sb 0 0 0 O--Sb--O 0 

(a) (b) 

Fig. 12. Schematic representation of the cation ordering in 
(a) Sbo.9VI.I04 and (b) around a metal vacancy. 

microscopy results, which indicate the presence of small 
domains of relatively ordered structure in the crystals, 
cf. Fig 7. The minute size, tens of nanometers, of these 
ordered domains can be expected to broaden the weak 
superlattice reflections until they are not detectable by 
powder X-ray diffraction methods. 

4.4. Crystal chemistry 

Recently, we have shown (Landa-C~inovas, Nilsson, 
Hansen, Sffthl & Andersson, 1995) that when we change 
the oxidizing conditions during the sample prepara- 
tion, a non-stoichiometric series of general formulae 
Sb0.9V0.9 + x[--J0. 2 _gO4, 0 ~ X ~ 0.2, is formed. The 
rutile superstructure studied in this work is the end- 
member with x = 0.2, i.e. which forms in pure N2. 
However, a paradox seems to exist because the ideal 
model for this superstructure should be for a cation ratio 
Sb:V = 1:1, but we observe this superstructure when 
the Sb:V ratio is 0.9:1.1 and it disappears with a slight 
increase of the oxidation conditions, i.e. when the Sb:V 
ratio approaches unity. In Hansen, Stgthl, Nilsson & 
Andersson (1993) the crystal structure of the other end- 
member Sb0.9V0.904 was refined by Rietveld methods. 
A study of bond-valence sums in this work revealed that 
the oxygens connected to a vacancy are underbonded and 
consequently tend to have Sb as the two remaining metal 
ions. In that way, when a vacancy is introduced it will 
prefer to be surrounded by Sb cations and the Sb- -V 
ordering is immediately broken, as shown in Fig. 12. 

We thank Jerker Nilsson who kindly prepared the 
samples and the Swedish Natural Science Research 
Council (NFR) for financial support. We also thank Dr 
L. C. Otero-Dfaz for stimulating discussions. 
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