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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 P6; 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 F, values (R, =
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 ¢ with a pro-
nounced threefold symmetry; O(2) atoms exhibit
their main vibrations parallel to ¢. 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

KLiSO, undergoes several phase transitions; those at
approximately 180, 700 and 950 K may be considered
as main transitions. v
The phase transition at 180 K has been investigated
by Raman scattering (Bansal, Deb, Roy & Sahni,
1980), pyro- and dielectric studies (Breczewski,
Krajewski & Mréz, 1981; Madhu & Narayanan,
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1981), piezoelectric studies (Mro6z, 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 &
Ronnquist, 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 KLiSO, 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 (Mroz et al,,

© 1985 International Union of Crystallography
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1982). At the phase transition an anomalous change
of the pyroelectric and dielectric properties was
observed, which vary in a non-linear way with tem-
perature in both phases (Delfino, Loiacono, Smith,
Shaulov, Tsuo & Bell, 1980; Breczewski et al., 1981;
Mréz et al., 1982). Madhu & Narayanan (1981) repor-
ted KLiSO, to be an improper ferroelectric. An
unusual overdamping and broadening of several
vibrational modes (Teeters & Frech, 1981, 1982) and
a frequency increase of a longitudinal optic mode
(Bansal et al, 1981) was found in the room-
temperature phase.

The phase stable up to 700 K can be considered as
a ‘stuffed derivative of tridymite’ which is one of the
polymorphic SiO, crystal structures (Nowacki, 1942;
Buerger, 1954). This phase belongs to a structure
family with the general formula M'M"AX, (M’ =Li;

"=K, Rb, Cs, NH,, N,H;; AX,=S0,, BeF,).
These compounds form framework structures built
up of six-membered rings of vertex-connected MX,
and AX, tetrahedra. Different arrangements of the
tetrahedra in these rings lead to different space groups
for ideal crystal structures. The actual structure may
deviate from the ideal arrangement by slight distor-
tions (Hahn, Lohre & Chung, 1969, 1970; Chung &
Hahn, 1972a, b; Hahn & Chung, 1973).

The crystal structure of KLiSO, was determined
by Bradley (1925). Crystal structure refinements at
room temperature have been carried out by
Karppinen, Lundgren & Liminga (1983) and Bhakay-
Tamhane, Sequeira & Chidambaram (1985) for a
twinned crystal and by Chung & Hahn (1985) for
twinned and untwinned crystals. KLiSO, crystallizes
in space group P6;. The SO, and LiO, tetrahedra
form an ordered three-dimensional framework struc-
ture characterized by six-membered rings of three
LiO, and three SO, tetrahedra. The apices of the three
LiO, tetrahedra point in the opposite direction to
those of the three SO, tetrahedra (Fig. 1). The K
atoms occupy positions on the hexagonal ¢ axis. They
are coordinated by nine oxygens (Fig. 1). The oxygens
O(1), which form the vertices of the tetrahedra, play
a special role in the crystal structure investigations

@K
oS
0
®Li

Fig. 1. Projection of the structure of LiKSO, on the (0001) plane.
The oxygens are represented either by black dots or by the apices
of the corners of the tetrahedra.

of this compound. In the ideal structure model these
oxygens occupy a twofold position on the threefold
axes. However, these oxygens exhibit an unusually
high temperature factor. Furthermore, large residual
densities with a pronounced threefold symmetry were
observed in difference Fourier maps. These densities
were treated by a threefold O(1) split position with
an occupation probability of § by Bhakay-Tamhane,
Sequiera & Chidambaram (1985) and Chung & Hahn
(1985). Contrary to this model Karppinen, Lundgren
& Liminga (1983) expanded the temperature-factor
formalism to a third-rank tensor (y tensor). Both
structure models work comparably well in treating
the residual O(1) densities. A behaviour similar to
that of O(1) was found for F(1) in KLiBeF,, but
RbLiBeF, has been described with an ordered two-
fold F(1) position with a reasonable F(2) temperature
factor (Chung & Hahn, 1985). KLiSO, exhibits ‘twin-
ning by merohedry’. This type of twinning has been
studied by Donnay & Donnay (1974), Catti & Ferraris
(1976), Klapper & Hahn (1979), Hahn (1981) and
Rees (1982). The influence of the twinning of LiKSO,
on a crystal structure investigation has been studied
by Chung & Hahn (1985). The formation of twin
domains and twin boundaries in KLiSO, has been
investigated with X-ray topography by Klapper,
Hahn & Chung (1985).

The Raman studies (Teeters & Frech, 1981, 1982)
and the unusual pronounced threefold symmetry of
the O(1) atoms (Karppinen er al., 1983; Bhakay-
Tamhane et al, 1985; Chung & Hahn, 1985) stimu-
lated this structure investigation of KLiSO, as a func-
tion of temperature to answer the following questions:
(1) does a state of O(1) disorder exist which is cor-
rectly described by split atoms or do the O(1) atoms
show strong anharmonic temperature motion, not
correctly described by the standard harmonic tem-
perature-factor formalism (anisotropic temperature
factors)?; (2) do the Li atoms exhibit a tendency to
disorder with increasing temperature?

Experimental

Crystals of LiKSO, were grown by slow evaporation
at 405K from an aqueous solution containing
equimolar proportions of Li,SO,;, H,O and K,SO,.
Spheres of approximate diameter 200 pum were
ground in a sphere mill. A sphere of diameter 190 pum
was used for the data collection [automatic Philips
PW 1100 diffractometer, Mo Ka radiation, graphite
monochromator, sin §/A =1-08A7', scan speed
0-72° min~', scan width 1-5°; w scan for 6 =45°, other-
wise 6/26 scan; step-scan (60 steps); b, k=<0, I<0+
Friedel reflections; background determination by
the algorithm of Lehmann & Larsen (1974): ob-
served reflections with I>30(I), o%I)=
(0)(I)+(0-011)°, o, calculated from counting
statistics alone; total of about 2600 reflections; for
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number of averaged reflections and unobserved
reflections see Table 1; absorption correction for
spheres ( International Tables for X-ray Crystallogra-
phy, 1967), u/p =25-54 cm’ g~' for Mo Ka radiation;
lattice constants determined from 24 centred single-
crystal reflections by least-squares refinement of the
orientation matrix: at 293K: a=5147(3), c=
8-633 (4), at 398 K: a=5-160(3), ¢=8634(4), at
568 K: a=5190(3), c=8637(4)A. The crystals
were heated with an airblower with a relative and
absolute accuracy of +2 and #4 K, respectively.
Investigation temperatures were 293, 398, 568 K.

The data reduction was carried out with the pro-
gram system PROMETHEUS (Zucker, Perenthaler,
Kuhs, Bachmann & Schulz, 1983). The averaging of
the intensities was carried out including negative net
intensities of single intensity measurements. Standard
deviations of the averaged intensities were calculated
from the o®(I) values and from the deviations of the
single measurements from the mean. The larger o
value was taken as the standard deviation of the mean.
The twin ratio K was calculated with equation (10)
of Chung & Hahn (1985) with their suggested reflec-
tion intensities. The K values may range from 0 for
a single crystal to 1 for a balanced twin. We found
from our data that K = —0-020 (14). The extinction
factors were taken into account for this calculation.
We concluded that we had used a single-crystal for
the data collection.

Scattering curves for Li, K, S were taken from
International Tables for X-ray Crystallography (1974),
and for O'? by interpolation between O and O~
from the oxygen scattering curves of Schwarz &
Schulz (1978).

Structure refinements

The structure refinements were carried out with
anharmonic temperature factors up to third order
based on the Gram-Charlier expansion. The
coefficients of these anharmonic temperature factors
were used for the calculations of probability density
functions. The theoretical background for this method
of structure investigation has been discussed by
Zucker & Schulz (1982a) and its application was
illustrated by structure investigations of the ionic
conductors Li;N (Zucker & Schulz, 1982b) and B-
PbF, (Schulz, Perenthaler & Zucker, 1982). The
refinement technique has been described by Schulz
et al. (1982).

The final refinements included the following par-
ameters: one scale factor, two extinction parameters
(Becker & Coppens, 19744, b), all variable positional
parameters (six parameters) and 32 thermal param-
eters. K and S were refined with second-order
(anisotropic) temperature factors only. O(1) occupied
the atomic position 2(b) (3,3, z) on the threefold axes
in all refinements. Occupation probabilities were not

Table 1. Atomic parameters, numbers of reflections and
R values

The Wyckoff notation of the atomic position is in square brackets
after the atomic designation. B, was calculated from the volume
of the vibrational ellipsoid.

293 K 398 K 568 K
K [2(a)]
z 0 0 0
B, (A 1-8 23 32
Li[2(b)]
z 0-815 (1) 0-822 (2) 0-818 (2)
B. (A% 1-4 20 26
S [2(b)]
z 0-20626 (8) 0-20683 (9) 0-2081 (2)
B (A% 1-0 13 1-6
o(1) [2(b)]
z 0-0367 (7) 0-0398 (9) 0:0462 (7)
B, 36 45 6-1
0(2) [6(c)]
x 0-3474 (4) 0-3494 (5) 0-3547 (8)
y 0-9399 (4) 0-9395 (5) 0-9367 (8)
F4 0-2634 (5) 0-2638 (6) 0-2667 (7)
B (A% 25 32 4-4
Observed reflections 630 631 607
Unobserved reflections 29 33 57
R (observed) 0-027 0-030 0-034
R,, (observed) 0-023 0-024 0-017
R (all) 0-030 0-033 0-038
R, (all) 0-025 0-026 0-018

refined. Only observed reflections were used. Final
parameters and R values are listed in Table 1.*

The extinction-correction parameter y (F,,=
F,/y) was a maximum for the 300 reflection. Y., =
0-10, 0-14, 0-26 for the lowest, medium and highest
temperature, respectively. The highest correlation
coefficients of |0-9] were observed between scale-
factor and extinction-correction parameters. All other
correlation coefficients were <[0-8|.

The structure refinements were carried out with the
program system PROMETHEUS (Zucker, Perent-
haler, Kuhs, Bachmann & Schulz, 1983).

Anharmonic thermal vibrations

As reported in Introduction, the density of the O(1)
atoms shows a pronounced threefold symmetry per-
pendicular to the c axis. This density distribution was
successfully described by two different structure
models: (1) split atomic positions with an occupation
probability of 5 and harmonic (anisotropic) tem-
perature factors (Bhakay-Tamhane, Sequeira &
Chidambaram, 1985; Chung & Hahn, 1985); (2) com-
pletely occupied twofold atomic positions on the
threefold axes and an anharmonic temperature factor
formalism with a third-rank tensor (y tensor) (Kar-
pinnen et al., 1983).

* Lists of structure factors and a complete list of structural
parameters have been deposited with the British Library Lending
Division as Supplementary Publication No. SUP 39694 (23 pp.).
Copies may be obtained through The Executive Secretary, Inter-
national Union of Crystallography, 5 Abbey Square, Chester
CHI 2HU, England.
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Karppinen et al. (1983) conclude from their struc-
ture refinement with the +y tensor that the O(1) atoms
undergo anharmonic thermal vibrations with three-
fold symmetry. However, this is an overinterpretation
of their results. Both structure models allow only a
description of an observed density, but they do not
allow a conclusion to be made on the nature of its
dynamic or static disorder. Such conclusions may be
drawn from structure investigations as a function of
temperature.

A very simple (however, only approximate) way to
distinguish between static and dynamical disorder
lies in an extrapolation of the mean-square displace-
ments u? of the anisotropic temperature factors to
T =0 K. Such an extrapolation is displayed in Fig. 2
for all atoms. It shows the u® values along the main
axes of the thermal vibrational ellipsoids. The follow-
ing can be read from Fig. 2:

(1) All u® follow straight lines.

(2) Li, K, S have isotropic? values. But this holds
only in the frame of the harmonic approximation (see
below).

(3) Both oxygens exhibit a strongly anisotropic
thermal motion. The directions of the largest thermal
vibrational components of O(1) and O(2) are perpen-
dicular and parallel to the ¢ axis, respectively.

(A7)

005k 8 L0121
' =K

’/”_;_!_//::—’;:VO(L")”

3 o 4

= ,__,”‘———’—"J——\élo(mlc

0 ' 500 [K]

0 200 400

Fig. 2. Mean-square displacements u’ as a function of temperature.
The u? values along the main axes of the thermal vibrational
ellipsoids are drawn. Two straight lines have been drawn without
data points to avoid overlapping. The ellipsoids of Li, K, S and
O(1) have the form of a rotational ellipsoid with the rotation
axes parallel to ¢. The main thgrmal axes of O(2) form the
following angles with a,, a, and ¢: approximately parallel to ¢
(80, 108, 18°), approximately perpendicular to ¢, larger value
(20, 100, 94°), smaller value (108, 21, 73°).

(4) All extrapolations of the straight lines cut the
u? axes at positive u2 values. The two largest u? values
extrapolate to u>=0-01 A*; all other straight lines
cut at u2=0-005 A% The latter value is typical for
the zero-point vibrations and compares well with
similar studies (Zucker & Schulz, 1982b). However,
u2=0-01 A? of the two largest oxygen components
points to a weak static disorder. This means that the
refined oxygen positions represent only point-of-
gravity positions. The split distance s, i.e. the distance
between the ‘true’ atomic positions to the refined
point-of-gravity position on the threefold axes, can
be estimated from u3=0-01A% to be s=0-14A
(Schulz, 1972). But the u? are dominated by thermal
vibrations. This follows from the pronounced tem-
perature dependence of all u? values in Fig. 2.

The analysis of the anharmonic thermal vibrations
has been carried out by calculation of the probability
density function (p.d.f) from the refined coefficients
of the anharmonic temperature factors. The p.d.f.
allows the calculation of the probability Ap of finding
atomic centres displaced by Ar from their average
position into a volume element AV. The p.d.f.
p/ V(4r) is the Fourier transform of the temperature
factor. It can be displayed in the form of density
contours around the atomic position (average posi-
tion). Theoretical background, mathematical details,
and a detailed example are described by Zucker &
Schulz (19824, b).

The p.d.f. of O(1) perpendicular to ¢ shows a very
pronounced threefold symmetry and a clear tendency
to spread with increasing temperature (Fig. 3). The
direction of the lowest thermal vibrations deviates by
only a few degrees from the direction of the O(1)-K
bond. It reflects the resistance against bond shorten-
ing towards the K atoms. The probability densities
of Fig. 3 can be transformed into a one-particle poten-
tial of the oxygens. Fig. 4 shows this potential for all
three temperatures along the [120] direction, i.e. along
the K-O bond. Only the significant parts of these
three potentials are shown. The significance levels are
calculated from Boltzmann statistics. These energy
levels are chosen so that 99% of the atoms have
energies below this level. It follows that these signifi-
cance levels increase with increasing temperature.

Fig. 3. Probability density O(1) perpendicular to ¢ as a function of temperature [O(1) at ({, 2, 0-04)]. Density lines at 1, 2,4, 8, ... eA~3.
Investigation temperatures: (a) 293 K, (b) 398 K, (c) 568 K.
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Table 2. Interatomic distances (A)

Uncorrected: distances without correction of thermal motion. Corrected: distances corrected for the harmonic part of the temperature
factor. S-O: riding thermal motion; K-O, Li-O: independent thermal motion. Thermal corrections have been carried out with the

program ORFFE (Busing et al., 1977).

No. of 293K 398K 568 K
bonds Uncorrected Corrected Uncorrected Corrected Uncorrected Corrected
K-0(1) 3 2988 (2) 3-009 (2) 2999 (2) 3-024 (2) 3-023 (2) 3-057 (2)
-0(2) 3 2:832 (4) 2-851 (4) 2-841 (4) 2-865 (4) 2-857 (5) 2-891 (6)
-0(2) 3 3-003 (4) 3-021 (4) 3-016 (4) 3-040 (4) 3-067 (6) 3-094 (6)
Mean 2:941 (3) 2960 (3) 2952 (3) 2-976 (4) 2-982 (5) 3014 (5)
Li-O(1) 1 191 (1) 196 (1) 1-88 (2) 1-93(2) 197 (1) 2:04 (1)
-0(2) 3 1-916 (2) 1-946 (3) 1933 (5) 1:973 (5) 1929 (5) 1982 (5)
Mean 1-915(5) 1:950 (6) 1-920 (11) 1:962 (11) 1-939 (7) 1:997 (7)
S-0(1) 1 1-464 (6) 1497 (6) 1-442 (8) 1-484 (8) 1-398 (6) 1-458 (7)
-0(2) 3 1-458 (2) 1-477 (3) 1-454 (2) 1-478 (3) 1-441 (3) 1-478 (5)
Mean 1-460 (3) 1-482 (4) 1-451 (4) 1-480 (5) 1-430 (4) 1:473 (6)

The potentials in Fig. 4 have the typical form of a
pair potential: They are steep towards the K atom
and stretched in the opposite direction. The stretched
parts become steeper with increasing temperature.
This is caused by an unresolved static disorder
wrongly described by the anharmonic temperature
factors (Bachmann & Schulz, 1984). This result agrees
with the conclusions drawn from the temperature

3004 [mev]

. /Z—sssK
2004 390K
S 203k

A\ 1004

L N

b\%

K (1201

Fig. 4. One-particle potential of the O(1) atom along the [120]
direction. Only the significant parts of the potentials are drawn.
The zero point of the potential is the O(1) position at (3, 3, 0-04).

a,

1A

Fig. 5. Probability densities of O(1), O(2) and S in (010) plane at
568 K. Atomic positions: O(1) (4, %, 0:04), 0(2) (0-35,0-94,0-27),
S (4, 2, 0-21). The p.d.f. of S has been calculated with the
coefficients of the anisotropic temperature factor only. Lines as
in Fig. 3.

0(2)

dependence of the u” values in Fig. 2. It follows that
the potential minimum of the O(1) atoms does not
lie on the threefold axes, but is displaced about 0-1 A
from it. This causes a threefold split position, but the
potential barrier between these split positions is so
low that they are not resolved at room temperature.

Therefore, more than 50% of the O(1) atoms must
have energies at room temperature which are higher
than this potential barrier. This allows a rough esti-
mate of 0-03 eV (1 eV=1:60x10""? J) for this poten-
tial barrier. Similar considerations hold for the pro-
nounced thermal vibrations of the O(2) atoms parallel
to the ¢ axis. This can be concluded from the
similarities between the largest thermal vibrational
amplitudes of O(1) and O(2) as displayed in Fig. 2.

It is very probable that the O(1) and O(2) atoms
undergo coupled thermal vibrations in the form of a
rotation around the S atoms. This conclusion can be
drawn from Fig. 5. This type of thermal motion
minimizes the repulsion between the O atoms and
keeps the S-O bonds constant.

The Li atoms behave in a nearly isotropic manner
up to about 400 K. At 568 K a pronounced anhar-
monic thermal vibration in the plane perpendicular
to the ¢ axes has been developed (Fig. 6). The direc-
tions of the smallest thermal vibrations nearly

Fig. 6. Probability densities of Li perpendicular to ¢ at 568 K. Li
at (3, 1, 0-31). Lines as in Fig. 3.
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coincide with the Li-O(2) bonds. Therefore, the ther-
mal motion of Li above 400 K can be simply described
by a resistance against bond shortening and a much
less hindered vibration towards the tetrahedral faces.

Interatomic distances and harmonic (anisotropic)
thermal vibration

The K-O and Li-O distances as a function of tem-
perature behave as expected; they increase with
increasing temperature without correction for thermal
vibration (Table 2). However, the S-O distances
decrease with increasing temperature (Table 2). Such
behaviour has been frequently observed in structural
units with strong covalent bonds, for example for
(Si, Al)O, tetrahedra in framework silicates. The
whole unit shows large thermal vibrations perpen-
dicular to the bonds. In such cases the interatomic
distances are apparently shortened with increasing
temperature. As discussed in the previous section the
SO, tetrahedra have to be considered as such a struc-
tural unit. Therefore, the S-O distances must be cor-
rected for thermal vibrations. Unfortunately, no such
program exists which takes into account anharmonic
thermal vibrations. They can be corrected only in an
approximate way by taking the harmonic part of the
temperature factor. We have carried out this correc-
tion with the program ORFFE (Busing, Martin, Levy,
Brown, Johnson & Thiessen, 1977) assuming riding
motion for the S-O distances and independent ther-
mal motion for Li-O and K-O (Table 2). The correc-
ted S-O(2) distances are now independent of tem-
perature [1-478 (4) A]. But the S-O(1) still decreases,
only the decrease has become smaller. This shows
that the harmonic correction is not sufficient. An
extrapolation of the S-O(1) distances to T=0K
results in 1-535A and probably gives the best
approximation of the correct S-O(1) distance.
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