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are based on subgroups  of  P 6 3 / m m c  result in very 
similar powder  patterns.  This applies in par t icular  to 
the disorder  types in Fig. 6. 

The authors  are indebted to the Deutsche For- 
schungsgemeinschaf t  and the Heinrich-Hertz-  
Stiftung for suppor t  of  this work. Second-harmonic-  
generator  investigations by T. Cline and W. Schulze 
(Pennsylvania  State University) and electron-micro- 
scopic studies by Dr  K6ster  (Ruhr  University,  
Bochum) are gratefully acknowledged.  
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Abstract  

Single crystals of  KxWO 3 were investigated with elec- 
tron microscopy and X-ray diffraction methods.  In 
most cases deviations from the hexagonal  tungsten 
bronze structure in terms of  commensura te  and 
apparen t ly  incommensura te  superlattices were ob- 
served. The commensura te  superlatt ices in the a - b  
plane of  the hexagonal  lattice were, for most  com- 
pounds,  relatively simple, resulting in either an 

0108-7681/85/010011-11501.50 

or thohexagonal  unit cell or a hexagonal  unit  cell with 
two or four  times the volume of  the tungsten bronze 
structure,  respectively. The ' incommensura te '  super- 
lattice rows in the c direction indicated a periodicity 
of  50 to 250 A or more,  depending in part  on the 
crystal composi t ion and temperature .  Several differ- 
ent superlat t ice phases were observed. The superlat-  
tice format ion  is believed to be caused by ordering 
of  the potass ium atoms within the channels  of  the 
tungsten bronze structure.  The data  are consistent 
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12 SUPERLATTICES IN KxWO3 

with the assumption of antiphase domains of a length 
of 4 N + 2  layers with the integer N ranging from 3 
to 16 or more. The length of these antiphase domains 
can vary within different parts of a single crystal and 
change with temperature owing to vacancy migration. 
The apparently incommensurate character of the 
superlattices may be caused by superposition of 
domains with different N values. Models of these 
antiphase domains for x > 0.25 and x < 0.25 are dis- 
cussed. Diffraction patterns of RbxWO3 showed only 
reflections of the regular tungsten bronze structure. 

I n t r o d u c t i o n  

The tungsten bronzes, compounds of composition 
M=WO3, where M is any of about 40 metallic ele- 
ments and 0 < x < l ,  form a class of non- 
stoichiometric materials which crystallize in a number 
of different phases, and many have been found to 
have interesting properties. The cubic phases, and 
notably NaxWO3, have been studied extensively, 
while considerably less attention has been paid to the 
hexagonal phase until fairly recently. One group of 
hexagonal tungsten bronzes form when M = K, Rb 
or Cs for 0"2 < x < 0.33. The crystal structure in the 
plane perpendicular to the c axis is shown in Fig. 1 
(Magn61i, 1953). The work on hexagonal phases has 
revealed anomalies in the normal transport properties 
as a function of temperature; specifically, the resis- 
tivity, Hall coefficient and Seebeck coefficient (Stan- 
ley, Morris & Moulton, 1978, 1979; Skokan, Moulton 
& Morris, 1979; Caldwell, Morris & Moulton, 1981). 
These properties are a strong function of composition. 
The resistivity as a function of temperature (going 
from higher temperatures toward lower temperatures) 
shows a kink with onset at a temperature referred to 
as TB. The Hall coefficient is constant above T~ and 

I 
( a )  

V.-". 
(b) 

Fig. 1. Diagram of the MxWO3 hexagonal lattice showing the 
plane perpendicular to the c axis. The M ion sites reside in the 
holes formed by the WO 6 octahedra, and the structure is filled 
at x = 0.33. 

increases linearly with temperature below Tn, while 
the Seebeck coefficient shows a change of slope near 
TB. The dependence of TB on x shows a maximum 
at x = 0.25 for both R b x W O 3  and K x W O 3 ,  as  shown 
in Fig. 2. The CsxWO3 shows no anomalies in the 
transport properties. In addition, the superconduct- 
ing transition temperature, 7", is a strong function of 
x, as shown in Fig. 3, while a smooth increase in Tc 
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Fig. 2. Dependence of the onset temperature of the resistive 
anomaly, Ts, on composition in K~WO3 and RbxWO3. 
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Fig. 3. Superconducting transition temperature, To as a function 
of composition for KxWO3 and RbxWO 3. 
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is observed as x decreases in CsxWOa. A strong 60 ° 
anisotropy in upper critical field H c  2 is observed in 
the plane perpendicular to the c axis, as well as a 
180 ° anisotropy perpendicular to the c axis for 
RbxWOa and Cs,,WO3 at all reported values of x. It 
is currently accepted that the conduction band in all 
the tungsten bronzes is formed by donation of one 
electron from each metal insertion ion to the tungsten 
t2g d orbitals, which interact with the oxygen p~r 
orbitals to form the band (Sienko, 1963; Good- 
enough, 1965; Ferretti, Rogers & Goodenough, 1965). 
If this model is correct the properties of the metal 

ion, such as size, determine differences in the trans- 
port and superconducting properties for different 
metal ions and concentrations. Qualitative models 
involving charge density waves, phase changes 
involving symmetry changes that cause a rapidly 
changing density of states or a possible ordering of 
the metal ions in the channels have been proposed. 
Which, if any, of these proposed models is correct 
can only be answered by careful structural studies of 
these systems. None of the earlier studies have shown 
any evidence of the structural changes proposed. A 
recent neutron diffraction study of RbxWOa powder 

(a) (b) 

(c) (d) 

Fig. 4. (a) Ill0] projection of Ko.33WO3 showing no superlattice reflections. (b) Ill0] projection of Ko.24WO3 showing commensurate 
superlattice reflections only. (c) [I TO] projection of Ko.22WO3 showing both commensurate and incommensurate superlattice reflections. 
(d) [IT0] projection of Ko.26WO3 showing both commensurate and incommensurate superlattice reflections. 



14 SUPERLATTICES IN KxWO3 

samples showed evidence of ordering of the Rb atoms 
below TB (Sato, Grier, Shirane & Fujishita, 1982). 
Bando & Iijima (1980) found incommensurate super- 
lattice reflections for Ko.30WO 3. In the present work 
a careful electron and X-ray study of single crystals 
of the KxWO3 systems was carried out in order to 
explore more fully the validity of the proposed 
models. 

Results 

A. HVEM t room-temperature data 

The diffraction patterns of all the KxWO3 com- 
pounds contained the reflections to be expected for 
a tungsten bronze structure as reported in the 
literature. However, in addition, a great number of 
superlattice reflections were observed. Both the posi- 
tions of these superlattice reflections and the relative 
intensities varied with the relative potassium content 
and with the temperature. But even different parts of 
the same single crystal under apparently identical 
circumstances often showed different diffraction pat- 
terns. In spite of the great diversity revealed by 
detailed measurements, many common features were 
found. 

The superlattice reflections fell into two categories: 
(1) commensurate superlattice reflections within the 
a*-b* planes; and (2) closely spaced incommensur- 
ate reflections along rows perpendicular to the a*-b* 
plane and originating from each of the regular hkO 
reflections, or from the commensurate superlattice 
reflections. 

The commensurate superlattice reflections in most 
cases could be described by indices (h +½, k, l), (h, 
k+½, 1) or (h+½, k+½, l) (Figs. 4 and 6). The direct 
observations of the [001 ] projection indicated in most 
cases hexagonal symmetry of the superlattice. But a 
reconstruction of the a*-b* plane from about twenty 
different projections perpendicular to the a*-b* 
plane - which were obtained by rotating a single 
crystal through 70 ° about the c axis - indicated at 
least in one case of Ko.25WO3 a different, 
orthohexagonal, symmetry of the superlattice. Figs. 
5(a) and 5(b) show the reconstructed reciprocal lat- 
tices and Fig. 5(c) the corresponding a-b dimensions 
of the superlattices. The hexagonal superlattice 
implies quadrupling of the unit-cell volume while the 
orthohexagonal cell implies only doubling. However, 
hexagonal superlattices (Fig. 5) could possibly result 
from the superposition of microtwinned ortho- 
hexagonal sections rotated by 60 ° relative to one 
another. 

Only diffraction patterns for compositions around 
x = 0 . 2 5  showed superlattice vectors smaller than 
a*/2 in the [100] direction. These are clearly notice- 

t High-voltage electron microscope. 

able in reciprocal-lattice layers with an odd l in Fig. 
6(a). The diffuse reflections around [h/4, O, (2n + 1)/] 
etc. consist of closely spaced reflections correspond- 
ing to more than 200 A distances in real space. In 
addition to the disordered phase of Fig. 6(a) two 
ordered commensurate phases were found for 
Ko 25WO3, one with doubling of all lattice constants, 
one with doubling of the a dimension, but quad- 
rupling of the c dimension. The corresponding 
diffraction patterns are shown in Figs. 6(b) and 6(c). 

The incommensurate reflections in the form h,k,l+ 
Al occur in two groups: one centered around and 
containing the hkl reflections and the other centered 
around, but not containing, the h,k,l+ 1 reflections. 
The intensities of both groups are asymmetrically 
decreasing from the center towards both sides of each 
group. For a given diffraction pattern the intervals 
between adjacent reflections within a group are 
(within the error of measurement) identical provided 
that the reflections belong to the same group. For a 
great number of diffraction patterns all such intervals 
were measured and averaged. The reciprocal of that 
average in units of one layer of the tungsten bronze 
structure was called 'periodicity' and used as the 

"x, 

0 v 
a *  

tc) 

Fig. 5. (a) Reconstructed [001] projection with hexagonal superlat- 
tice. By containing the c axis of a crystallite perpendicular to 
the electron beam, and rotating the crystal about this zone axis, 
diffraction patterns of all major projections within the range of 
the tilting stage were taken. Thus, one hkO vector for each 
projection was obtained. The combined information from differ- 
ent [hk0] vectors was used to construct a model containing the 
commensurate superlattice reflections of the [00/] projection. 
The resulting superlattice vectors are ½a* and ½b*. (b) Recon- 
structed [001] projection with orthohexagonal superlattice 
obtained by the method described for (a). The resulting superlat- 
tice vectors are ½a* +½b* and ½a* -½b*. (c) Relationship between 
tungsten bronze lattice dimensions and hexagonal and 
orthohexagonal superlattices. 
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(a) (b) 

Fig. 6. [1:20] projection of Ko.esWO3. (a) Partially ordered with diffuse streaks. Superlattice reflections occur at (2n + l)h/2,(2m + l)k/2,1 
positions (m, n = integers) and are most intense perpendicular to [00/] for odd I values. The diffuse streaks are also most pronounced 
for odd l values. (b) Ordered commensurate superlattice with lattice constants 2a and 2c. 

(c) 

Fig. 6 (cont.) (c) Ordered commensurate superlattice with lattice 
constants 2a and 4c. 

abscissa in Fig. 7. At this time the periodicity is simply 
a parameter;  the physical meaning of it will be dis- 
cussed later. The actual spacings of diffraction spots 
between (h,k,21) and (h,k,21+ 1) in reciprocal space 
are drawn along the z direction. Both z = 2 /  and 
z = 2 / +  1 are mirror planes, and the intensities are 
more or less symmetrical with respect to these planes, 
but not with respect to z = 2 / + ½  and z = 2 / +  3. The 
positions of the diffraction spots, however, are also 

symmetrical with respect to z=21+ 1 and z = 2 1 + ] ,  
and, therefore, only the interval between z = 21 and 
z = 2 / +  1 is shown. The composite data in Fig. 7 
determine a family of curves which, for periodicities 
of the form y = 4 N + 2 ,  are evenly spaced. Thus the 
intersections of the curves with y = 4 N  + 2 define the 
positions of commensurate superlattice reflections for 
a superlattice with the periodicity 4 N  + 2 layers. The 
curves in Fig. 7 were actually calculated by interpola- 
tion between the commensurate superlattice reflec- 
tions for y = 4 N + 2  by connectin~ the reflections 
closest to z=21, closest to z = 2 / + ~ ,  and z = 2 / + l ,  
second closest to z=21, z = 2 / + ½  and z = 2 l + l ,  etc. 
The agreeement between the so calculated and ob- 
served values over the whole range of periodicities is 
excellent. It should be noted, however, that, except 
for y = 4 N  + 2, the spacing between the closest reflec- 
tions of different groups is not an integral multiple 
of the interval between adjacent reflections of the 
same group and, therefore, the 'periodicity' cannot 
be interpreted in a straightforward fashion as the 
superlattice cell constant. It will be shown later that 
the 'periodicity'  represents an average period result- 
ing from the superposition of superlattices with differ- 
ent lattice constants of the form 4 N + 2  layers in 
different domains of the crystal. 

The only simple conclusion to be drawn from Fig. 
7 is that almost all of the diffraction patterns, regard- 
less of composition and temperature, can be represen- 
ted by the family of curves shown in Fig. 7. A clear 
relationship between the layer periodicity and the 
potassium concentration of the sample could not be 
established although trends were observed. Around 
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x = 0.25 the layer periodicity was highest, in some 
cases around sixty, seventy, or more. It decreased 
both towards higher and lower concentrations. It is 
believed that the sample composition for a given 
diffraction pattern was not exactly known and that it 
was not uniform within a crystallite. This was con- 
cluded from the fact that different parts of a single 
crystal sometimes gave different diffraction patterns. 
In particular, some samples marked as x = 0.24 were, 
based on theoretical considerations, believed to be 
x = 0.25. 

The relative intensities of different diffraction pat- 
terns, however, vary sufficiently to assume several 
distinct crystal phases: for x = 0 . 2 5  exactly three- 
quarters of the potassium positions are occupied. 
Around this composition the incommensurate super- 
lattice reflections in the [00/] direction disappear. For 
0.25 < x < 0.29 strong incommensurate superlattice 
reflections are observed with the most intense of these 
reflections for Al = N / 4 N  + 2 in the [00/] reciprocal- 
lattice row. Around x = 0 . 2 9  seven-eighths of the 

"qgotassium positions are occupied and above that x 
value a different kind of  ordering takes place. Below 
x = 0 . 2 5  (for x = 0 . 2 2 )  the two incommensurate 
superlattice reflections at l = + N / 4 N + 2  are almost 
equally strong and are the only observable superlat- 
tice reflections between z = 21 aiad 2 / +  1. Thus, for 
both x < 0 - 2 5  and x > 0 . 2 5  most of the scattering 
power of the superlattice peaks is near z = 21 + ½ (cor- 
responding to a four-layer period in real space). For 
x = 0.25 the scattering power occurred exactly at z = 
2/+0.25.  That corresponds with the asymptotic 
approximation for a period of infinity in Fig. 7. 

0.5 
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N 
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Fig. 7. Composite chart of incommensurate lattice reflections from 
crystals of dit~erent composition at different temperatures. Open 
symbols: observed data for low-temperature phases; filled sym- 
bol: high-temperature phase; [-~: calculated reflections for peri- 
odicities of 4N +2; solid lines: calculated lines as explained in 
the text, compatible with simple diffraction. 

It would have been interesting to study the complex 
ordering phenomena with high-resolution imaging 
techniques, but the small contrast at high voltages is 
not very suitable for this method. A medium-reso- 
lution image of a region of Ko.26WO 3 with strong 
incommensurate superlattice reflections is shown in 
Fig. 8 which was taken with a JEOL 100 microscope. 
The distance between the prominent fringes is around 
70 A, corresponding roughly with the 22-layer perio- 
dicity calculated from the diffraction pattern. 

While the incommensurate reflections were most 
pronounced for compositions that do not allow a 
simple ordering of the potassium atoms, the com- 
mensurate reflections were particularly developed 
near compositions where such ordering can take 
place: x = 0.25, x = 0.29 or x = 0.20. In most of these 
cases both the a dimension of the hexagonal lattice 
and the c dimension were doubled. The superlattices 
often showed rather strong reflections of the form 
h +½,k+½,2/+ 1. The ordering in most cases was not 
complete, and diffuse scattering along lines or sheets 
perpendicular  to c, especially for odd l values, was 
observed (Figs. 6a and 9a). Weaker diffuse sheets 
were also observed in the a - c  planes (Fig. 10). In 
some cases each reflection showed a fine structure if 
viewed under a low-magnification microscope. 

The intensities of the reflection of the regular tung- 
sten bronze structure were in general not noticeably 
different in samples that yield superlattice patterns 

Fig. 8. Image of Ko.26WO3 showing lattice fringes. 
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and those which did not. Exceptions were the reflec- 
tions with odd I values, which sometimes changed 
their intensities relative to the reflections with an even 
I in the course of prolonged irradiation with electrons. 

(a) 

B. Room-temperature X-ray data 

Weissenberg photographs were taken for 
Ko.22WOa, Ko.25WO3, Ko.28WO 3 and Ko.3oWO3. 
According to Magn61i (1953), conditions limiting 
possible reflections are: hhOl, l=  2n, in accordance 
with the space groups P63/mcm, P6c2 or P6acm. 
While the hhOl reflections were almost completely 
absent for odd values of l, some very weak hhkl 
reflections were observed for Ko.EaWO 3 and Ko.3oWO3 
indicating that none of the proposed space groups is 
correct. Diffractometer measurements indicated that 
the odd 001 reflections are missing. A new structure 
determination of the tungsten bronze structure is 
being performed in cooperation with Argonne 
National Laboratory and will be published at a later 
date. 

The lattice constants determined from the Weissen- 
berg photographs - ignoring superlattice reflections 
- were: a = 7.38 and c = 7.52/~. The c/a ratio of 1.02 
corresponded with measurements from the electron 
diitraction patterns. The X-ray film methods were too 
inaccurate to determine possible small lattice- 
constant changes as a function of composition. Com- 
mensurate superlattice reflections within the a*-b* 

(b) 

Fig. 9. (a) [IE0] projection of disordered incommensurate super- 
lattice of Ko.26WO3. (b) Equivalent projection of the same crystal 
segment 60 ° apart showing a higher degree of order. Fig. 10. Diffraction pattern showing strong diffuse features. 
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planes could not be detected, but layers of incom- 
mensurate reflections on both sides of the reciprocal 
halfway point between regular reciprocal a*-b* 
layers could be observed in rotation photographs of 
Ko.25WO3, Ko.26WO3, Ko.28WO 3 and Ko.3oWO 3. In 
accordance with the electron diffraction data they 
were too weak to show up for Ko.22WO3. Also absent 
were any incommensurate superlattice reflections in 
rotation photographs of Rbo.2sWO3. 

Some initial line-profile measurements of high- 
order h00 reflections of Ko.25WO3 and Ko.22WO3 were 
taken on an X-ray single-crystal diffractometer. For 
one crystal of Ko.25WO3 a small line splitting of the 
800 reflection in all six equivalent crystallographic 
directions was observed. A reconstruction of the a~- 
a2 line profiles of the four resulting peaks yielded 
lattice constants of a = 7 . 3 8 2 6 ( 5 )  and c =  
7.3886 (2) A, respectively. Another sample of 
Ko.25WO 3 did not show such splittings. 
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Fig. 1 I. (a) The temperature dependence of the incommensurate 
superlattice periodicity for Ko.22WO3) Ko.25WO3, Ko.26WO 3 and 
Ko.30WO3. (b) Changes of the shape of Ko.30WO3 reflections as 
a function of temperature indicating changes in the domain 
configuration. 

C. Temperature-dependent data 

Thinned single crystals of Ko.25WO 3 and Ko.26WO 3 
were exposed to temperatures ranging from 120 K to 
about 370 K. Each of the experimental runs extended 
over many hours or even over days. While attempts 
were made to examine the same crystal area at differ- 
ent temperatures, it was also realized that some radi- 
ation damage had taken place over extended periods 
of time. It was, for instance, noted that the ratio of 
intensities between incommensurate superlattice 
points and regular tungsten bronze reflections 
decreased regardless of whether the temperature was 
increased or decreased. In particular, the hkl reflec- 
tions with odd l increased in relative intensity as the 
result of radiation. Because of the apparent radiation 
damage it was sometimes necessary to switch to 
another domain in the course of a run taking several 
days. It became evident only in retrospect that differ- 
ent domains behave differently and may even have 
different compositions. As a result there is a large 
amount of scattering in the observed data as is evident 
in Fig. 11. For Ko.26WO3, for instance, the upper of 
the two curves obtained from one crystal segment is 
quite different from the data obtained from other 
crystal segments. For Ko.25WO3 the data scattered 
widely. In one case above room temperature a new 
phase was observed for Ko.2sWO3 (Fig. 12). A very 
strong change with temperature was observed for x 
values much smaller or much larger than Ko.25WO3. 
For Ko.30WO 3 not only the periodicity changed, but 
also the shape of the reflections, indicating an exten- 
sive reorganization of the whole domain structure 
(Fig. 12). 

Discussion 

Since all of the KxWO3 compounds for x < 0.33 are 
potassium deficient, one may assume that the super- 
lattice formation - at least in part - is caused by 
ordering of the potassium vacancies within the chan- 
nels parallel to the c direction. The following points 
are considered experimental evidence for this 
assumption. 

(1) The intensity pattern of the reflections (other 
than superlattice reflections) is similar in diffraction 
patterns containing superlattice spots and those not 
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showing any superlattice features. This holds true for 
all major projections investigated. 

(2) The commensurate superlattice reflections in 
the a*-b* plane cannot readily be observed with 
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Fig. 12. H i g h - t e m p e r a t u r e  m o d i f i c a t i o n  o f  Ko.25WO3. ( a )  O b -  
se rved  diffraction pa t t e rn .  ( b )  R e c o n s t r u c t e d  pa r t  o f  the diffrac- 
tion pattern. The superlattice would be commensurate with a 
24-layer periodicity in the c direction if the reflections were 
exactly on the dotted line. A careful measurement of  reflection 
positions shows small displacements from these lines. These 
follow the pattern of  Fig. 7. 

X-rays. This can be explained by assuming that the 
commensurate superlattice reflections are caused by 
a different ordering of vacancies along symmetrically 
unrelated channels. Since the scattering power of 
potassium vis-fi-vis that of tungsten is much smaller 
for X-rays than for electrons, the superlattice reflec- 
tions do not show up in the X-ray data. 

(3) The incommensurate superlattice reflections 
are strong for compositions with vacancy ratios that 
do not allow a simple ordering within a few unit cells. 
For Ko.EsWO3, on the other hand, every fourth 
potassium position is vacant and, therefore, simple 
ordering is possible and is observed. For incom- 
mensurate vacancy-occupied position ratios the 
ordering requires large unit cells and the incom- 
mensurate reflections in rows parallel to c indicate a 
long period of the superlattice of up to several hun- 
dred ~ngstr6ms. Such a long periodicity could easily 
result from ordering of vacancies. The vacancies here 
could cause slight changes in the layer distance of 
the tungsten bronze structure. As a result of these 
changes the superlattice reflections become strong 
enough to be noticeable in X-ray patterns. 

(4) The apparently complex data in Fig. 7 can be 
explained by assuming vacancy ordering along the 
channels: the strong scattering near reciprocal-lattice 
points that represent a four-layer distance suggest 
vacancies at four-layer intervals. However, the ob- 
served reflections do not occur for 2/:t:½, but sym- 
metrically with respect to this reciprocal-lattice point. 
This observation and the fact that only for peri- 
odicities of 4 N + 2  agreement between the expected 
and observed reflection positions exist suggest the 
presence of antiphase domains of period 4 N + 2  
layers. The antiphase domains can be coupled in 
different ways. Two of these arrangements, called 
models l and 2, result in compositions x < 0.25 and 
x > 0.25, respectively, and agree relatively well with 
the observed data. In model l chains of the form 
V K K K V K K K V K K K V . . .  are coupled by only one 
K, while in model 2 the same sequence 
VKKKVKKKV. . .  is linked by KKKKVKKKK (K 
stands for potassium, V for vacancy). The vacancies 
of the second domain thus are out of phase with the 
vacancies of the first domain and consequently the 
l=  2 N + 0 . 5  reciprocal-lattice points become anti- 
nodes rather than reflections although considerable 
scattering intensity is found in the proximity of these 
points. The diffraction patterns along [00/] (ignoring 
form factors, polarization etc.) obtained by simple 
calculations of a one-dimensional array of scatterers 
according to models 1 and 2 are shown in Figs. 13 (a) 
and (b). The positions of the diffraction peaks are 
the same as  f o r  the observed superlattice reflections, 
and the intensities agree reasonably well with Figs. 
4(c) and (d), respectively. Fig. 13(c) simulates the 
situation where the crystallite contains an equal num- 
ber of ordered segments of different chain lengths 
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4 N  + 2 and 4 (N  + 1) + 2. The good agreement with 
the observed reflection patterns suggests from the 
data in Fig. 7 that 'periodicities' other than 4 N + 2  
result from superposition of data from crystal seg- 
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Fig. 13. Calculated diffraction pattern for one-dimensional scatter- 
ing arrays corresponding to models 1 and 2: (a) model 1; (b) 
model 2; (c) calculated diffraction pattern for superposed 
domains of different chain length using model 2. 
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Fig. 14. Periodicity of low-temperature phase as a function of 
composition and calculated compositions for models 1 and 2. 

ments with 4 N + 2  layer periods. The 'periodicity' 
then represents the average lattice constant. 

For the observed range of N, models 1 and 2 result 
in compositions x as shown in Fig. 14. For x = 0.25, 
N in both models goes to infinity and the models 
become identical. Also plotted in Fig. 14 are experi- 
mentally determined chain lengths for different com- 
pounds below Ts. A comparison between Figs. 14 
and 2 suggests a correlation between the incom- 
mensurate lattice period and the transition tem- 
perature TB. 

Regardless of the specific arrangement of vacancies 
the observed changes with a crystal - for instance 
due to temperature changes - may be understood in 
terms of vacancy migration. The specific arrangement 
of the vacancies may be different for different tem- 
peratures. At least in one case, namely for Ko.25WO3, 
a temperature-related phase change was observed. 

The arrangement in symmetrically equivalent chan- 
nels must be the same or at least strongly correlated 
since otherwise no incommensurate superlattices 
would be observed. Perfect ordering within each 
channel but disorientation of the chains relative to 
one another would result in diffuse streaks or sheets 
in the diffraction pattern perpendicular to the direc- 
tion of the chain. Such diffuse streaks or sheets were 
occasionally observed. In channel positions that are 
not eq~uivalent (as indicated by commensurate super- 
lattices) the chains may be translated by one half 
period. 

The complexity of the images as well as of the 
diffraction patterns suggests that perhaps each single 
crystal consists of a variety of compositions. Electron- 
m~croscope data, which deal with only one relatively 
small section at a time, would therefore have to be 
evaluated on a statistical basis. 

In spite of a great number of measurements, many 
questions remain to be answered. But the present data 
show an interesting correlation between vacancy 
ordering and electrical transport properties. 
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Abstract 

A crystal structure investigation focused on the ther- 
mal motion of O and Li and based on single-crystal 
X-ray diffraction data (Mo Ka) has been carried out 
at 293, 398 and 568 K in space group P63 with the 
assumption of complete atomic order. Anharmonic 
temperature factors based on the Gram-Charlier 
expansion have been refined up to the third order for 
O and Li with about 600 observed Fo values (Rw = 
0.017-0.024). Probability densities (O, Li) and one- 
particle potentials have been calculated from the 
coefficients of the temperature factors. These allow 
the following conclusions: both oxygens show large 
and strongly anharmonic thermal motion as well as 
static disorder; the oxygens on the threefold axes 
[O(1)] vibrate mainly perpendicular to c with a pro- 
nounced threefold symmetry; 0(2) atoms exhibit 
their main vibrations parallel to c. The thermal vibra- 
tions can be explained by coupled rotational vibra- 
tions of the oxygens around the S atoms. The Li atoms 
develop a strong anharmonic thermal motion above 
400 K with a pronounced threefold symmetry. 

Introduction 

KLiSO4 undergoes several phase transitions; those at 
approximately 180, 700 and 950 K may be considered 
as main transitions. 

The phase transition at 180 K has been investigated 
by Raman scattering (Bansal, Deb, Roy & Sahni, 
1980), pyro- and dielectric studies (Breczewski, 
Krajewski & Mr6z, 1981; Madhu & Narayanan, 
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1981), piezoelectric studies (Mr6z, Krajewski, Bre- 
czewski, Chomka & Sematowicz, 1982), X-ray diffrac- 
tion (Tomaszewski & Lukaszewicz, 1982) and NMR 
studies (Meng-Quingan & Cao-Quijuan, 1982). An 
orthorhombic structure model has been proposed for 
the low-temperature phase (-< 180 K) by Tomaszewski 
& Lukaszewicz (1982). 

An intermediate phase has been reported in a tem- 
perature range of about 250-180 K. Further con- 
clusions on this phase are contradictory. Bansal, Deb, 
Roy & Sahni (1980) propose from Raman-scattering 
data a trigonal structure caused by cooperative 
reorientation of the tetrahedra. For the same phase 
Tomaszewski & Lukaszewicz (1982) assume a 
hexagonal structure to explain their X-ray diffraction 
data. Holuj & Drozdowski (1981) found hints in an 
EDR study that this phase may have an incommensur- 
ate structure. 

The phase transition at 700 K was found by several 
experimental techniques, including double reflection 
(Blittersdorf, 1929), differential thermal analysis 
(Lepeshkov, Bodaleva & Kotova, 1961), measure- 
ments of thermal-expansion coefficients, DC resis- 
tivity, pyroelectric current and dielectric constants 
(Ando, 1962), X-ray diffraction study (Prasad, 
Venudhar, Iyengar & Rao, 1978; Fischmeister & 
R6nnquist, 1960), and Raman scattering (Bansal, 
Deb, Roy & Sahni, 1981). 

The phase transition at 950 K was detected by 
differential thermal analysis (Lepeshkov et al., 1961). 
The phases stable up to 946 K and stable above 946 K 
are reported to show orthorhombic and hexagonal 
symmetry, respectively (Schroeder, 1975). 

The physical properties of KLiSO4 reported in the 
above-mentioned papers deal with the two phases 
stable below and above 190 K. The low-temperature 
phase has been shown to be ferroelastic (Mr6z et al., 

O 1985 International Union of Crystallography 


