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Abstract. The crystal structure of rutile (TiO,) has been studied at high
temperatures up to about 1600°C based on sets of single crystal X-ray
diffraction intensities collected on a four-circle diffractometer. The thermal
expansion coefficients for the a- and c-axes in the measured temperature
range were o, = 8.9(1) x 107 ¢ °C~ ! and a, = 11.1(1) x 107 ¢ °C ™1, respec-
tively. The thermal response of the octahedra about Ti is such that the
thermal coefficient for the four short equatorial Ti—O bonds was
8.4(3) x 10~ ® °C~ ! and for the two long apical Ti— O bonds 11.5(3) x 107
°C~1. The rate of thermal expansion of the octahedral shared edge is
relatively large under ~ 1200° C, while it becomes small above ~ 1200°C.
An [ to [, ratio, which we denote shrinkage index, however, decreases with
the raise of temperature (/ = the length of the shared edge at a temperature;
[, = the edge length of a regular octahedron having the same volume as the
Ti octahedron has at the same temperature).

Introduction

In the series of our high temperature structural studics of oxygen-based
crystals, we noted that shared edges of polyhedra about cations tend to
show specific thermal responses (Takéuchi et al., 1984). In order to gain
further examples of those thermal responses of shared edges, we have
undertaken the study of the rutile structure at elevated temperatures. The
crystal structure of rutile was first analyzed by Vegard (1916). Refinements
of the structure have since been carried out by Cromer and Herrington
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(1955), Baur (1956), Baur and Kahn (1971), Abrahams and Bernstein
(1971), Shintani et al. (1975) and Gonschorek (1982). The thermal response
of the structure has been theoretically studied by West and Bruce (1982),
while experimentally by Meagher and Lager (1979) up to 900°C and by
Seki et al. (1984) up to 1000°C. Since however the melting point of rutile
is as high as 1850°C, it is certainly desirable to extend the temperature
range close to this temperature to fully elucidate thermal behaviour of
crystalline rutile. The present paper is to report the result of our structural
study of rutile at temperatures up to 1600°C.

Experimental

The rutile crystal used in this high temperature study has been synthesized
by the Czochralski method and kindly provided by Dr. S. Takasu of Toshiba
Ceramic Co., Ltd. Out of this crystal, we prepared an X-ray specimen
having the shape of a cylinder, the radius of the cross section being 0.15 mm
and 15 mm long along ¢. With the use of such a long crystal specimen, we
can evade the possible contamination of the diffraction intensities from the
crystal with those of a binder such as alumina or zirconia cement, which is
generally used to fix the crystal to a rod for high temperature X-ray studies.
The usefulness of this method was confirmed in the high temperature crystal
structural study of danburite CaB,Si,Og (Sugiyama and Takéuchi, 1985).

The crystal specimen was mounted on a goniometer head on a four-
circle single-crystal diffractometer (Rigaku AFCS5) with its cylindrical axis
parallel to the ¢ axis. As a heat sources, we used a small electric resistance
furnace such as the one described by Brown et al. (1973) for the studies up
to 900° C, while a gas flame furnace (Yamanaka et al., 1981) for the studies
of higher temperatures. Details of the temperature measurement have been
provided by Yamanaka et al. (1981).

The cell dimensions were calculated by the least-squares procedure
applied to the 2 6 values of 20 ~ 25 reflections measured on the dif-
fractometer using pylolitic graphite monochromated MoKu radiation, 4 =
0.70926 A. The w-2 6 scan technique was used to collect the one sixteenth
of the graphite monochromated intensities. Since we used a collimator
having a diameter 0.5 mm for the incident X-ray beam, the cylindrical
crystal specimen was not fully bathed in the X-ray beam, thus giving rise
to a change in effective volume of the crystal depending upon its orientation
with respect to the incident beam. Due corrections were therefore made for
the effective volume and absorption using the procedure developed by Haga
and Takéuchi (1983) after correction for Lorentz and polarization factors.
During all the intensity measurements, intensities of three reference reflec-
tions were monitored every 100 reflections at each temperature; the fluctu-
ation of those intensities was less than one o | Fobs|. Details of the intensity
study data are summarized in Table 1 with the obtained cell dimensions.
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Refinement

Among structure factors thus obtained, those greater than 3¢ |Fobs| were
used for the following structural studies. The structural refinement in each
case was carried out in the space group P4,/mnm using the least-squares
program LINUS (Coppens and Hamilton, 1970) with a weighting scheme
of 1/6%| Fobs|. A first trial of an anisotropic refinement revealed the exis-
tence of conspicuous extinction effect; the correction factor, y, for the 110
reflection, for example, was as small as 0.36 at room temperature. The
correction for the isotropic extinction effect was therefore made using
program LINUS. The anisotropic refinement with corrections for extinc-
tion at each temperature converged at the values of R and Rw as given in
Table 1. The resulting atomic coordinates are listed in Table 2. Neutral
atomic form factors and values for dispersion corrections for all atoms
were provided by International Tables for X-ray Crystallography Vol. IV
(1974)".

Results and discussion

The temperature dependence of the lattice dimensions and unit cell volume
of rutile are shown in Figures 1 and 2, respectively. Linear thermal expan-
sion coefficients in the measured temperature range were obtained to be
o, =89(1)x107%°C Yand a. = 11.1(1) x 10~ ¢ °C ! for the ¢- and c-axes
respectively. That of the c-axis is larger than that of the g-axis, showing a
good agreement with the previous results up to 1000°C (Rao et al., 1970;
Meagher and Lager, 1979; Fawcett et al., 1983; Seki et al., 1984). The
thermal expansion coefficient for the cell volume was determined to be
oy =29.1(1)x107%°C~ 1,

Prior to discuss thermal response of the structure now considered, it is
to be reminded that the six Ti—O bonds of the octahedron about Ti may
be classified into two categories; one includes four shorter bonds denoted
Ti—O(a) parallel to (110), and the other remaining two longer bonds
parallel to (001) (Fig. 3). Each octahedron shares a pair of two opposite
edges O(a)—0O(a’) to form a straight chain of octahedra parallel to the
c-axis.

Thermal response of the Ti — O distances

The variations, with the increase of temperature, of two independent in-
teratomic distances Ti—O(a) and Ti—O(b) are compared in Figure 4. Our
results are in good agreement with the previous values reported by Seki et
al. (1984) for the temperature range up to 1000°C. The thermal expansion

! Additional material to this paper can be ordered from the Fachinformationszen-

trum Karlsruhe, D-7514 Eggenstein-Leopoldshafen 2, FRG. Please quote reference no.
CSD 55011, the names of the authors and the title of the paper.
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Fig. 1. A plot of lattice constants of rutile versus temperature.
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Fig. 2. A plot of unit cell volume of rutile versus temperature.

coefficients for the Ti—O(a) and Ti— O(b) distances were revealed to be
8.4(3)x107°°C~! and 11.5(3)x 1076 °C™!, respectively. Both distances
increase uniformly with increasing temperature. However the coefficient
for the longer Ti—O(b) distances is slightly larger, showing a trend of
increasing the distortion of the titanium octahedron.
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Fig. 3. A perspective view of the rutile structure, showing the notation of the oxygen
atoms.
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Fig. 4. Variation with increasing temperature of the Ti—O(a) and Ti—O(b) bonds.

Thermal response of the shared edge

The length of about 2.53 A for the shared edge O(a) — O(a") is significantly
small as expected from the strong repulsion between two adjacent Ti atoms.
This particular shared edge shows an interesting thermal response with the
increase of temperature (Fig. 5 bottom), showing a significantly high rate
of expansion between ~ 500°C and ~ 1200°C. In order to study further
detail of the thermal response of the shared edge, we introduced a shrinkage
index Ry =//l,. Where, /is the length of the shared edge of the Ti octahedron
at a given temperature, and /, the edge length of a regular octahedron
having the same volume as the Ti octahedron has at the same temperature.
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Fig. 5. ( Bottom)} Variation with increasing temperature of the shared edge O(a) —O(a")
length. (Top) Variation with increasing temperature of the O(a)—0(a")/O — Ojgcq ratio
(see text).

We then evaluated the values of R, and plotted versus temperature in the
top of Figure 5. In this figure, we observe that the ratio decreases with the
increase of temperature though the rate of decreasing is very small in the
specific temperature range mentioned above. This result shows a general
trend that the shared edge in fact becomes relatively shortened, with the
increase of temperature, to shield the increasing repulsive forces between
Ti’s owing to the increase of effective ionic radius of Ti.

These features characteristic of the change in the octahedra well account
for the fact that the thermal expansion of the c-axis is large relative to that
of the a-axis and also for mode of variation of the O(a)—Ti— O(a’) angle.
The tendency, with increasing temperature, of the decreasings of both R
and the O(a)—Ti—0O(a") angle away from 90° (Table 3) indicates the in-
crease of octahedral distortion. The slight decrease, with increasing tem-
perature, of the Ti—O —Ti angle (Table 3) suggests that the geometrical
environment around the oxygen atom becomes more regular with the
raise of temperature. These thermal responses characteristic of the rutile
structure are in line with those theoretically predicted by West and Bruce
(1982).
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