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Ansrnecr

Crystal-structure refinements, with anisotropic
temperature factors, of single-crystal X-ray in-
tensity data collected at 25", 300", 600o and
900'C for rutile and 25",280e, 425" and 625"C
for brookite resulted in final weighted residuals
rangug from 0.037 to 0.058. Oxygen positional
parameters in both structures are temperature-
independent. The non-equivalent Ti-O interatomic
distances in rutile increase at about the same rate
with increasing temperature. At room temperature
the Ti atom in brookite is displaced bv 0.1814
from the centroid of the octahedron. With in-
creasing temp€rature the Ti moves toward the
centroid, and a wide range of thermal expansions
iq Ti-O distances result. Comparison of high-
temperature structures of rutile, brookite and
anatase reveals that the variation of mean Ti-O
distance with temperature is linear. The coefficients
c arel 8.4x100/"C (rutile), 8.6x10a/"C (anatase),
6.4xl0a/"C (brookite). Response of octahedral
bond-angle variance t6 incre-asing temperature is
different for each polymorph because of differ-
ences in polyhedral linkage.

SoMrvrens

Irs intensit6s X diffract6es ont 6t6 obtenues:
pour le rutile, i 25, 300, 600 et 900'; pour la
brookite, i 25, 280, 425 et 625"C. L'affinemenl
des structures, l facteur de temp6rature anisotrope,
a donn6 des r6sidus pond6r6s s'6chelonnant de
C.037 a 0,058. Les coordonn6es des atomes d'oxy-
gBne sont ind6pendantes de la tempdrature dans
chacune des deux struotures. Les distances inter-
atomiques Ti-O non-dquivalentes du rutile crois-
sent i peu pr0s dgalement avec la temp6rature.
A basse temp6rature, Ti dans la brookite est b
0.1814 du centroide de I'octaddre; il s'en rapproche
quand la ternp6rature s'6ldve, provoquant dans
les distances Ti-O toute une s6rie d'eipansions
thermiques. La comparaison des structures de
haute tempdrature des trois polymorphes montre
que la distance Ti--O moyenne en fonstion de la
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temp6rature est lin6aire. Les coefficients c sont
8.4x104/oC (rutile), 8.6x10{,/oC (anatase)' 6.4x
10'8/ oC (brookite). L'effet d'un accroisse-
ment de temp€rature sur I'angle des liaisons octa6-
driques est diff6rent pour chaque polymorphe, ce
qui est d0 i des diff6rences dans I'enchainement
den polyddres.

(traduit par la R6daction)

INTRoDUcTIoN

Rutilo and brookite, along with anatase, rep-
resent the naturally occurring polymorphs o!
TiOz. Kinetic and thermodynamic studies
(Dachille et al. L968, Rao e/ aI. 196l) of. the
TiOr system have shown that rutile is the stable
form at high temperature and pressure. Dachille
et al. (1968) were unable to crystallize brookite,
but converted natural crystals of brookite to
rutilo at n'72O"C, I atm. The cry$tal structure
of rutile was determined by Vegard (1916) and
refinements of the structure have since been
carried out by Cromer & Herrington (1955),
Baur (1956), Baur & Kahn (1971) and
Abrahams & Bernstein (1971). Pauling &
Sturdivant (1928) first determined the crystal
structure of brookite, with subsequent refine-
ments undertaken by Weyl (1959) and Baur
(1961). To date, there have been no high-tem-
perature crystal-structure refinements of brookite
or rutile. The crystal structure of anatase at
high temperatures has been investigated by
Horn e, al. (L972).

The polymorphs of TiOa are an ideal mineral
group in which to study the effect of linkage
on polyhedral thermal expansion without the
complication of chemical variations. Structural-
ly, all three polymorphs are similar in that
the Ti atom is octahedrally coordinated, but
differ in the way the TiOe octahedra are linked.
The octahpdral linkage is through corners and
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IABI,E 1. CRTSTAL DATA FO& 8I'IIL! AND DBOOKITE

.ExrenrueNler,

The rutile used in this study is a fragment
of a synthetic crystal. The brookite crystal
was chosen from a sample collected at Bin-
natal, Switzerland. Electron microprobe analysis
indicated less than IVo total iron occurs as
impurities. Zero- through secondlevel Weissen-
berg photographs confirmed the space groups
P4'"/mnm and. Pbca' for rutile and brookite,
respectively. The 25oC cell parameters (Table
1) were obtained from least-squares refine-
ments of back-reflection data and are statis-
tically identisal to a number of recent studies.

The high-temperature cell parameters (Table
1) were deterrnined using a modified version of
a furnace desigred by Foit & Feacor (1967).
The furnace, which requires flat-cone geometry,
has been adapted to a Weissenberg camera for
space-group and celldimension work and to a
Supper Weissenberg diffractometer for single-
crystal intensity data collection. Furnace tem-
peratures, thought to be accurate to t 15oC,
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edges such that in rutile two edges of each
octahedrou are shared, whereas three are shared
in brookite and four in anatase. The details of
the rutile and brookite structures are well
documented in the above references. For a dis-
cussion of the anatase structure the reader
is referred to Vegard (1916) or Cromer &
Herrington (1955).
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hava been calibrated with minerals of known
melting points and with a thermocouple in
place of the sample. Flat-cone Weissenberg
photographg obtained at the temperatures of
the refinements are consistent with the room-
temperature s,pace-group assignments.

For intensity measurementsn each crystal was
placed in a tapered silica capillary which was
then cemented to a platinum rod for insertion
into the furnace. Three-dimensional intensity
data were collected with flat-cone geometry on
a manual Weissenberg diffractometer utilizing
Zr-filtered Mo radiation and a pulse-height
discriminator. Intensity data were collected at
25o, 300", 600o and 9'0O" for rutile, and
25o, 28Oo o 425o ard, 625'C for brookite. Sym-
metry-independent reflections of sin 0 S 0.5
were scanned, traced on a strip-chart recorder
and their relative intensities determined with
an integrating planimeter.

The resulting intensities were corrected for
Lorentz and polarization effects and an ab-
sorption correction was applied to the brookite
data using a linear absorption coefficient of
11, - 57.5 cm-r. Symmetry-equivalent reflections
in rutile revealed an average deviation in in-
tensity of seven percent; this is marginally
higber than the experimental error of the overall
system and no absorption correction was aF
pUed.

TABI,E 4. ITTERAIO!fiC DISTANCES AND ANGLBS lN RI'TILE

Tt-o DLst@ce

3oo"c 6oo"c

Structur€ refinements were carried out using
a modified version of the program ORFLS
(Busing et al. 1962) and the atomic coordinates
of Cromer & Herrington (1955) and Baur (1961)
as starting parameters. Scattering factors for
titanium and oxygen were taken from the In-
ternational Tables (1962) and Suzuki (1960),
respectively, assu,ming fully ionized atoms. A
weighting scheme similar to that proposed by
Cruicksank (1965) was used and adjusted for
each refinement in order to vield constant values
of (wr(F.-"lcF")) in equally populated grqups
of increasing F., where wr is the weight, F" is
the observed structure factor, F" the calculated
structure factor and Jc the scale factor. In the
initial refinements for both rutile and brookite,
a comparison of observed and calculated struc-
ture factors showed that F.(F" for large F",
indicating the effect of secondary extinction.
An extinction correction thereforc' was applied

IAELB 5. XNTERATOfIC DISTANCES I:{ BR@KITE

?1-O

250C 2800C
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TABLE 6. INTE8AT$IIC ANGLES IN BR@KITE

- G-1t-0

250C 2800C

0r"-r1{rr. 85.r4(B)o 85.36(14)

orra-Ti-orc* 77.43(L2' 77.57(L3)

or"-rI{rrb 93.76(13) 93.71(14)

orrb-r1-orb 95,07(13) 94.60(15)

orb-ri{rr. r04.49(13) 104.33(r4)

orrc-rt-€I€* 80.70(12) S0.56(13)

orrs-tr-orrb 87.13(8) 87.37(9)

orrb-H4rrc 95.85(7) 95,85(8)

ou"-l l{rr, 97.20(13) 97.38(14)

ora-rl-orc 88.94(12) 98.2r(14)

orc-Tr.-{rbr 80.4r(B) 80.29(13)

orb-D{r" 93.78(5) 93.78(7't

rr-orb-Tl 99.59(13)

Ii-orc-tl 100.26(16)

Il-Ora-rl 159.20(16)

u-orrA-Ti L23.92(L5)

rl-orrb-r!. L14.80(16)

Tl-OIrc-Tt 100.72(t_4)

425"c 62soc

85.50(r4) 85.87(19)

77.58(13) 77.88(18)

93.52(14) 93.27(20)

94.6r(U) 94.30(2r)

r04.14(14) 104.33(20)

80.72(L4) 80.87(19)

87.26(9) 87.19(12)

95.72(9) 95.71(12)

97.50(14) 97,38(20)

89.39(1s) 89.54(20)

s0.38(13) 80.08(r8)

93.82(7' 93.77(8)

Tr-o-ri

99.71(13) 99.62(L3) 99.92(18)

100.2x.(16) 100.20(u) 100.0E(23)

159.07( r7)  159.17(17)  158.97(23)

124.16(15) r24.11(15) 124.10(21)

134.50(16) L34.67(L7' r34.83(23)

100.76(r5) 100.63(16) r00.35(22)

FIc. l. Crystal structure of rutile.

is the chain of edge-sharing TiOu octahedra
which run parallel to c. The octahedra in rutile

Frc. 2. Projection on the (100) plane of part of
tho brookite structure. Shared edges are labeled
Sh. Arrows indicate the direction of Ti movement
with increasing temperature.

* Angls oplEl.te Ehared edgs

to the data by minimizing the function Xw,[F",r-
,ScF",r(l*4.1r)l' where /r are the uncorrected
intensities and q is the extinction coefficienr
to be adjusted in the refinement. Refinements
with anisotropic temperature factors at four
temperatures yielded final weighted residuals
between 0.047 and 0.058 for rutile, and be-
tween 0.037 and 0.049 for brookite. The atomic
coordinates and anisotropic temperature fac-
tors are listed in Tables 2 and 3, respectively.
The bond lengths and angles, uncorrected for
thermal vibration, and their associated e.s.d.,
computed using the function and error program
of Busing et aI. (L964), are given in Tables 4
through 6. The observed structure amplitudes
and the calculated structure factors are
presented in Table 7, available at a nominal
charge from Depository of Unpublished Data,
CISTI, National Research Council of Canada,
Oftawa.

Dtscussrox

Parts of the'structures of rutile and brookite
are shown in Figures L and 2, respectively. In
both minerals the dominant structural feature
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share two opposite edges to form straight
chains that are, in turn, linked by corners to
complete the framework. In brookite, where
three edges are shared, the octahedra are ar-
ranged in zig-zag chains with each octahedron
sharing one edge with an octahedron of the
neighboring chain. Oxygen atoms in both struc-
tures are coordinated to three titanium atoms
in a near-planar configuration.

Rutile structure

Titanium in the rutile structure occupies
the Wyckoff position 2a at the origin, and
oxygen occupies position 4f at x,x,O. The x
positional parameter at room temperatttre was
most recentlv determined by Abrahams & Bern-
stein (1971) to be 0.3048(1), which compares
favorably with 0.3051(7) determined in this
study. No change occurs in the "r positional
parameter of oxygen with heating to 900'C
(Table 2).

Because the oxygen parameter r is tempera-
ture-independent, the changes in interatomic dis-
tances and angles are dependent on lattice ex-
pansion. In rutile there are two non-equivalent
nearest-neighbor Ti-O distances; two longer
Ti-O." bonds parallel (001) planes and four
shorter Ti-On bonds parallel the (110) planes
(FiS. 1). Both Ti*O interatomic distances in-
crease at almost the same rate with
temperature. Of the three octahedral edges,
the shared edge Or"-Or.(s) increases at a
lower rate than the two unshared edges.

The isotropic equivalents of the anisotropic
temperature facton given in Table 2 for Ti and
O suggest a slightly greater increase in
Brr with temperature. Thermal vibration data
(Table 8) show that the Ti ellipsoid has the
shape of an oblate spheroid with the short axis
in the direction of the shared octahedral edge.
The direction of ,maximum thermal vibration
for oxygen is perpendicular to the plane of
coordinating Ti atoms. The degree of aniso-
tropic thermal vibration out of this plane in-
creases with increasing temperature,

Brookite structure

The titanium and two non-equivalent oxygens
in brookite occupy general positions in space
group Pbca (Fig. 2). The positional parameters
determined at 25"C in this study are statis-
tically identical to those determined by Baur
(1961). Except for an increase in the y' co-
ordinate of titanium, atomic coordinates un-
dergo no statistically significant change with

IABLE 8. ROOT-!{E!&I-SQI'ABE OF IEEB!.AL DTSPT.ACEUENfS
ArcNC TEE PRINCI?AJ. AXES TN SjIrILE

@
dLsplsc@t

At@ Ad.s [( o )

Argle, la degreea,
$Ltb reapect to

+a +b

250C

tt

0

300 0c

0

0.045 (9)
0 .083(7)
0 .084(7)

0.066 (r3)
0 .082(u)
0 .098(9)

o .0 '12(7)
0.r-r7(6)
0 .118(6)

0.073(r.2)
0.098(14)
0.1266 (11)

0 .100(s )
o . r38(5)
0 .143(5)

0,r.04 (8)
0 .126(11)
0.r49 (r0)

0.120 (4)
o.r47 $)
0.155 (4)

0.114 (9)
o .L26(7)
0 .168 (7 )

600"c

T1

9oo"c
Tt

0 1

o
90
90

0
90
90

0
90

90
90

0
90
90

0
90

0
90
90

90
180
90

90
45

135

90

r35

90

90
45

I J )

90

l J )

90

r35

90

aJ)

45
90

TJ)

90
45
45

90

90
45
45

90
45

90

45

90

45

90

45
90
45

increase. As a result, the O*-Ti-Orr" octahe-
dral angle undergoes a significant increase,
and the O',o-Ti-O'o angle decreases with in-
creasing temperature. The octahedral distor-
tion, as measured by the octahedral bond-
angle variance (Robinson et aL 1971)' de-
creases from 65.42o at 25"C to 62.69' at
625"C.

At room temperatureo as a result of the
Ti displacement, there are three short Ti-O
interatomic distances and three longer distances.
The thermal displacement of Ti toward the
octahedron centre results in significant in-
creases in the shorter Ti-O distances and little
or no change in the longer distances.

Changes in the relative lengths of the octa-
hedral edges are also related to the Ti shi'ft
along D. For example, the edge Or"-Orro, which
is in the direction of Ti displacement' increases
significantly with temperature, whereas the op-
posite edge Orrr-Oru experiences no significant
increase. As a result, the O--Ti-Orr" octahedral
angle undergoes a significant increase, and the
Onr-Ti-Orr angle decreases with increasing ter4-
perature. The octahedral distortion, as measured
by the octahedral bond-angle variance (R"obin-
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son et al. 1971), decreases from 65.42o at
25"C to 62.69" at 6250C,

The isotropic equivalents of the anisotropic
temperature factors (Table 2) increa5e linearly
with temperature at approximately the same
rates for Ti, Or and On. The thermal vibration
of Or and Orr is anisotropic (Table 9) with
the maximum thermal vibration for both oxy-
gens directed out of the plane of coordinating
titaniums. The vibration ellipsoid of the Ti has
the shape of an oblate spheroid with the short
axis parallel to a. With increasing temperature,
the vibration ellipsoids incrbase in size bur
maintain a similar shape.

Comparison ol the TiOz polymorphs at room
tetnperature

As mentioned, the three polymorphs differ
in their octahedral linkage such that two, three
and four octahedral edges are shared in rutile.
brookite and anatase, respectively. The shared

IABLE 9. R@T-IIEAN-SQITARE Or IS&RUAL DTSPIACEUENTS AtOt{C TBE
PRINCIPAL ANXS IN BNOOKITE

@ Algle' 1n deglees,
AtoD Ari6 dtsplac@st el.tb !66pect lol

A(o) +a(o) +b(o) +c(d)

octahedral edges are the shorter edges in each
of the poly.morphs, presumably the result of
cation-cation antibonding interactions.

The density of the polymorphs decreases as
the number of edges shared in the structure
increases. The apparent reason for this density

, decrease is the increase in Ti-Ti interatomic
distances. The mean nearest-neighbor Ti-Ti
distance is 2.959A in rutile, 3.0244 in brookite
and 3.039A in anatase; this and all other data
quoted for anatase are taken from Hom et al,
(t972). I,f one considers the mean of all Ti-Ti
interatomic distances q/ithin a radius of 5.0A,
the same trend exists. Accordingly, the molar
volumes (25'C) follow the trend: rutile (18.79
cm8/mole) 4 brookite ( 19.33 ) ( anatase (20.5 l),
with a concomitant decrease in density.

In rutile and anatase, each Ti octahedron has
a sym.metric disposition of shared edges about
its centroid position which is occupied by the
Ti atorn (point symmetry Dzn and Dga, te-
spectively). In brookite the distribution of
three shared edges is asymmetric and the Ti
atom is displaced from the centroid position.
Weyl (1959) suggested that displacement of
Ti from the octahedron centre in brookite is
a result of cation-cation repulsive forces. His
argument is based upon the fact &at the re-
sultant of the repulsive-force vectors for tita-
nium atoms out to a distance of 4.5A is in
the direction of displacement of the Ti atom.

The TiOo octahedral volumes differ for the
three polymorphs such that an increase in
the number of shared edges correlates with a
decreasing volume (Fig. 3). Note, however,
that the mean Ti-O distances at 25"C for rutile
( 1.959A) , brookite ( 1.960A) and anatase
(1,9494) do not reflect the trend of the octa-
hedral volumes because of the off-centring of
Ti in brookite. For a given octahedral volume
the shortest mean Ti-O distance is obtained
where the cation occupies the centroid of co-
ordinating oxygens. The calculated mean cen-
troid-oxygen distance for brookite at 25"C is
1.9514, intermediate to rutile and anatase, and
is consistent with the octahedral volumes.

One measure of relative distortions in poly-
hedra is the quadratic elongation (Robinson et
al, 1,971,). Calculated elongations of the TiOo
octahedra reveal increased distortion with in-
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brookite (65.42") and anatase (105.15') fur-
ther illustrates the fact that distortion increases
with the number of shared edges.

Compartson ol TiOz poly'morphs at high tem-
peratures

Of the three polymorphs, brookite exhibits
the greatest range of thermal expansion in indi-
vidual Ti-O bond lengths. No significant change
occurs in the Ti-Or, and Ti-Os, bond lengths
over the temperature range 25"-$20oC, whereas
the largest expansion occurs in the Ti-Oru

1
distance (d : 1.?X10-u/"C, where d : --:"

r  ^ \  1 2 6

I -# I ; d//dT is determined bY simPle
\ /
linear regression). These extremes are a result
of the Ti shift away from Oro, Or,o towards
Or,, Oru. In rutile and anatase, where Ti is
constrained to the centroid position of the
oxygens, the individuarl a(Ti-O) values are
similar.

A comparison of the thermal expansion
coefficients for the mean Ti-O distances, a
(TiT), reveals that rutile and anatase have
similar values, 8.4xL0" and 8.6x104/"C, re-
spectively. The brookite coefficient of
6.4xL04,/"C is approximately two estimated
standard errors below the values of rutile and
anatase and cannot be considered sietdfi-
cantly different. Hazen & Prewitt (1977)
have proposed an empirical relationship be-
tween the linear expansion coefficient of
mean cation-oxygen bonds and Pauling's
bond strength. Using their relation, o (Tm)

RUTILE

.F aaooKa.y

ANATASE

83

t0, t

roo

e.e

e.t

e.t

0.t

e.t

9.4

ul
T
f
J
o

c
o
Ll
T

o
o

4.2

l l

o roo 2oo sio rrio roo coo too t@ eoo

TEHPERATURE (OCI

Fro. 3. Octahedral volumes versrr temperature for the TiO: polymorphs'

is predicted to be 2.7x10*/oC, considerably
lower than observed values.

The rate of change of oetahedral volume
with increasing temperature is illustrated in
Figure 3. For rutile and anatase a constant
raie of increase is apparent but the relation-
ship for brookite is not as clear. Accordingly'
a stepwise polynomial regression of octa-
hedral volume Derslla temperature for brook-
ite was undertaken; it yielded a second
degree coefficient with an F probability ratio
of 0.10. This ratio, along with the fact that
one is working with so few data points, leads
us to believe that we cannot reiect the possi-
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Frc. 4. Octahedral bond-angle variance versus tem'
perature for the TiOz Polymorphs.
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bility of a quadratic relationship with a high
degree of certainty. In rutile and anatase,
expansion of the oxygen-oxygen distances
about the octahedron is similar in that un-
shared edges expand at a greater rate than
shared edges. No clear trend is observed in
brookite.

As mentioned, the octahedral bond-angle
variance increases with the number of shared
edges in the three polymorphs. Furthermore,
the change in bond-angle variance with heat-
ing differs for each polymorph. As illus-
trated in Figure 4, the angle variance re-
mains approximately constant across the
temperature range for rutile. In brookite. as
the Ti atom shifts toward the octahedron
centroid, the angular distortion decreasesl in
anatase, the distortion increases with heating
as a result of the shift of the oxygen atom
along the c axis (Horn et al. Lg72). The
quadratic elongation shows no significant
change with temperature in any of the poly-
morphs.

Anisotropic thermal vibration of the oxygen
atom is apparent in all three minerals at all
temperatures. fn each polymorph the major
axis of the thermal vibration ellipsoid for
oxygen is out of the plane of three coordinat-
ing Ti atoms (Tables 8 and 9; Horn et q,I.
te72).

CoNcLUsIoNs

The TiOe octahedra in the three poly-
morphs of TiOg differ with respet to size
and distortion at room temperature and
pressure. The range in TiOu octahedral
volume is approximately 0.44, whereas the
quadratic elongation and octahedral bond-
angle variance have a range of 0.084 ancl
76.5o, respectively. Accordingly, the response
of the TiOu octahedron to increasing temper-
ature would also be expected to reflect the
differences in polyhedial environment.

Indeed, the change in distortion with heat-
ing, as measured by the octahedral bond-
angle variance, doeo differ for the three
polymorphs; the octahedron in brookite be-
comes less distorted, whereas that in anatase
increases in distortion and rutile remains
effectively unchanged. The thermal ex-
pansion coefficients of the mean Ti-O inter-
atomic distance in the three polymorphs
range from 8.6x104 to 6,4xl0a/oC, not signifi-
cantly different at the level of precision of
our analyses. The rate of increase of octa-
hedral volume with temperature is constant

in rutile and anatase, whereas in brookite a
curvilinear relation cannot be rejected with
a high degree of certainty.

AcrNowrEDcEMENTs

This study was supported by a National Re-
search Council Operating Grant to EPM and
Grant $EAR77-12905, Earth Science Section,
NSF, to GAL. Thanks go to Krista Scott for
her assistance in the laboratory and to Jan
Ashdown for manuscript preparation.

RnrrneNcns

ABRAHAMS, S. C. & BsRNsrErN, I. L. (1971):
Rutile: normal probability plot analvsis and ac-
curate measurement of crystal structurc. J. Chem.
Phys. 55, 3206-3211.

Beun, W. H. (1956): tiber die Verfeinerung der
Kristallstrukturbestimmung einiger Vertreter des
Rutiltyps: TiO, SnOs, GeO, und MgF2. Acta
Cryst, 9, 515-520.

( 1961 ) : Atomabstiinde und Bindungswinket
im Brookit, TiOs. Acta Cryst. 14,21+216,

& KAr${, A. A. (1971): Rurile-type com-
pounds. fV. SiO2, GeOg and a comparison with
other rutile-type structures. Acta Cryst. B.27,
2133-2139.

Busruc, W. R., MeRrrlv, K. O. & Lrw, H. A.
(L962): ORFLS, a FORTRAN crystallographic
Ieast squares program. Oak Ridge Nat. Lab.,
No. ORNL-TM-}0i.

& _ (t964): ORFFE, a
FORTRAN crystallographic function and error
program. Oak Ridee Nat. Lab., No. ORNL-TM-
306.

Cnourn, D. T. & HrnnrNcrorrr, K. (1955): The
structures of anatase and rutile. l, Amer. Chem.
Soc. 77, 4708-4709.

CRUIcKSHANK, D. W. J. (1965): Errors in least
squares methods. /a Computing Methods in Crys-
tallography (J. S. Rollett, ed.). Pergamon Pres,
Oxford.

Dacunr.e, F., SrvroNs, P. Y. & Rov, R. (1968):
Pressure-temperature studies of anatase, brookite,
rutilo and TiOr-II. Amer. Mineral. 68, 1929-
1939.

Forr, F. F. & Precon, D. R. (1967): A high tem-
perature furnace for a single crystal X-ray dif-
fractometer. l. Sci. Instr. 44, 183-185.

Hevrr.roN, W. C. (1959): On the isotropic tem-
perature factor equivalent to a given anisotropic
temperature factor, Acta Cryst, 12, 609-610.

HAZEN, R. M. & Pnrwrrr, C. T. (1977): Effects
of temperature and pressure on inleratomic dis-
tanceg in oxygen-based minerals. Amer, Mineral.
62, 309-315.



THERMAL EXPANSION IN THE TiOz POLYMORPHS 85

HonN, M., ScuwEnorrncrn, C. F. & Msacnrx,
E. P. (1972): Refinement of the structure of
anatase at several temperatures. Z. Krist, L96,
273-281.

Inrns, J. A. & Heuu,roN, W. C, (1962): Inter-
national Tables for X-Ray Crystallography. IIl,
Physical and Chemical Tables. Kynoch Press,
Birmingham, England.

PauLrNc, L. & SrunorvANT, J. H. (1928): The
crystal structure of brookite. Z. Krist. 68, 239-
256.

Reo, C. N. R., YocexARAsIMHAN, S. R. & F.lErtl,
P. A. (1961): Studies on the brookite-rutile
transformation. Trans. Farad. Soc. 5?, 504-510.

RogrNsoN, K., Grnns, G. V. & funrn, P. H. (1971):
Quadratic elongatiou: a quantitative measure of
distortior in coordination polyhedra. Science
t72, s67-570.

Suzurr, T. (1960): Atomic scattering factor for
O2-. Acta Cryst. 13, 279.

VEcARD, L, (19L6): Results of crystal analysis-fll.
Phil. Mae. 32, 505-518.

Wsvr., R. (1959): Priizisionsbestimmung der Kris-
tallstruktur des Brookites' Tio'' z' Krist' tLL'
401420.

Received May 1978; revised manuscript accepted
September 1978.


