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High-temperature structural study of the H2rl a e A2 / a phase transition in synthetic titanite,
CaTiSiOu
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S t anfo rd, C al ifu rnia 94 3 0 5

Abstract

Synthetic CaTiSiOu has been shown to undergo a reversible, displacive phase transition at

220" + 20oC from space group P2r/a to A2/a, using high-temperature single crystal X-ray

diffraction techniques. The transition is signaled by disappearance of reflections of the type

hkl: k + / odd. The structure of a synthetic P2r/a sphene has been refined at 25"C, 165"C'

27O.C.5l5oC. and 740oC to convent ional  R- factors of  0.048,  0.047,0.033,0.039,  and 0.043'

respectively. The principal structural change characterizing the phase transition involves a

movement of the titanium atom from a position displaced toward one corner of the TiOu

octahedron to a position at the geometric center of the octahedron, a shift of 0.10 A. Ti-O

bonds to the corner-shared oxygens change from 1.77 and 1.97 A at room temperature to 1.87

A at 270'C. Above the transition further atomic movement is slight and is consistent with

simple cell expansion. The transition mechanism is similar to other displacive transitions in

silicates and perovskite structure ferroelectrics and may lead to domain formation.

Introduction

Titanite (sphene) is an accessory mineral common
to a wide variety of l i thic environments. When eu-
hedral crystals occur with characteristic sphenoidal
cross-section or as dove-tailed twin intergrowths, it is
one of the most easily recognized accessory minerals
in igneous rocks. Although the structure of t itanite
was determined init ially by Zachariasen (1930) and
refined more recently by Mongiore and Riva de San-
severino (1968), new observations ofweak reflections
violating the assigned space group symmetry A2/sin
a synthetic t itanite (Robbins, 1968) led Speer and
Gibbs (1974) to reanalyze the structure in space
group P2r/a. They also observed these weak primi-

tive reflections(hkl: k + I = 2n + l) in several natural
titanites. Differences in the diffuseness of these k * /

odd reflections among the synthetic and natural spec-
imens led them to suggest that natural t itanites pos-

sess a domain structure consisting of P2'/a domains
related by a half-turn parallel to b.

Because of apparent similarit ies between these ob-

servations and those for pigeonites and primitive
cummingtonites, which undergo non-quenchable, re-
versible phase transitions from primitive to end-cen-
tered unit cells at elevated temperatures, we under-
took the present high-temperature X-ray study of a

synthetic titanite showing weak primitive reflections.
The results of this study including the discovery of a

reversible, non-quenchable phase transition from

P2r/a to A2/a symmetry are reported below. A pre-
liminary account of this study was reported earlier by
Taylor and Brown (1914).

Experimental details

Crystals of synthetic CaTiSiOu grown from an
homogeneous glass at l200oC were kindly provided
by Professor G. V. Gibbs from the same sample used
by Speer and Gibbs (1914); the reader is referred to
their paper (Speer and Gibbs, 1976) for details of the
synthesis. A qualitative spectral scan on an electron
microprobe showed only trace amounts ((0.57o) of
aluminum as a contaminant. A clear fragment mea-
suring 0.07 X 0.15 X 0.15 mm was mounted for exam-
ination on a precession camera. After preliminary
alignment and X-ray examination, the crystal was
remounted in high-temperature mullite cement and
sealed in an evacuated silica glass capillary. The cx
axis was oriented parallel to the rotation axis of the
goniometer head.

The search for a phase transition was initiated with
precession photographs of the hol net at a number of
temperatures to 300'C. The h\l net was chosen be-
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Ftc.  l .  h l l  precession photographs of  synthet ic  t i tani te (unf i l tered MoK radiat ion,  36 kV, l6 mA, 48

hour exposure) taken at  24"C ( la)  and 250oC ( lb) .  The weak v io lat ions of  A2/a symmetry (hkl :  k  + I  +
2n) are clearly visible along the zone 401 in la.

cause it shows the strongest violations of A2/a sym-
metry. A Supper precession camera equipped with
the heating attachment described by Brown et al.
(1973) was used in these experiments. Figure 1 shows
iOl precession photographs taken at room temper-
ature ( la)  and 250'C ( lb) .  Unf i l tered,  long exposure
(up to 100 hrs. )  photographs at  250.C showed no
violations of the A2/a symmetry whereas short ex-
posures (24 hrs) at 150'C showed them quite clearly.
No broadening or weakening of the violating reflec-
tions was observed after repeated heatings and cool-
ings over a 3 week period.

After bracketing the transition temperature be-
tween 200 and 250oC, the crystal was transferred to a
Picker FACS-I diffractometer equipped with a chi-
circle heating attachment (Brown et al., 1973). The
heater was calibrated by observing the melting of
crystals mounted in the same fashion and in the same
position as the crystal used in the high-temperature
diffraction experiment. The melting points of benzoic
acid (123'C),  d-camphor ic  ac id (187'C),  anthracene
(216"C),  sodium ni t rate (306.8"C),  bar ium ni t rate
(592'C),  potassium chlor ide (776"C),  sodium chlo-
ride (801"C), and barium chloride (962"C) were used
for calibration. While the furnace has an apparent
stabil ity of approximately * 10'C, problems with cal-
ibration place an uncertainty of t20"C on all re-
ported temperatures.

The phase transition was next examined by mon-

itoring the intensity of the 401 reflection as a function
of temperature. After alignment at l65oC, the 401
reflection was automatically centered, and all sl its
were opened so that slight misalignments during sub-
sequent heating would have litt le effect on the ob-
served intensity. Thirty-second intensity measure-
ments at peak maximum were made as the crystal was
heated at a rate of -loC,/minute from l65oC to
300'C. The results of this experiment are shown in
Figure 2. The crystal was then allowed to cool
through the transition as the intensity was monitored.
No hysteresis was detected, and the intensity of the
401 returned to the level observed before heating.
Crude temperature jump experiments showed that
the transition has no apparent t ime dependence
within the response time of the heater. The transition
temperature of 220' + 20'C was confirmed by 20
scans through several additional strong primitive re-
flections (403, 803) at a number of temperatures.

Intensity data were gathered at 25o, 165", 270",
515",  740o,  and then again at  25"C.  The crysta l  was
allowed to equil ibrate for 24 hours and realigned at
each temperature before data collection. Cell param-
eters at each temperature were obtained by least-
squares refinement using the angular settings of
twefve automatically centered reflections (>30"U).
These results are l isted in Table 1. The apparent
shortening of the a cell edge at 270"C was confirmed
by centering a second set oftwelve reflections. In each
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Frc.  2.  Intensi ty versus temperature for  the 401 ref lect ion.  The dashed vert ical  l ine is  drawn at  the

estimated transition temperature (220" + 20'C). Off-peak background counts are approximately 500

counts/30 seconds corresponding to the intensi ty of  401 above 220'C.

2 5 0r 5 0

case graphite monochromatized MoKa radiation (36
kV, 16 mA) was used with the tube set at a take-off
angle of  2.5 ' .  Approximately  650 ref lect ions wi th in
the 20 range 5o to 50o were collected at each temper-
ature using the 0-20 scan technique at a scan rate of
lo , /minute and a scan range of  2.5o p lus the ar-a,
dispersion. Background radiation was recorded for
l0  seconds at  the h igh and low angle ends of  each
scan. Two standard reflections (004, 060) were mea-
sured every 30 reflections as a check of crystal align-

ment as well as electronic fluctuations, both of which

proved to be negligible over the course of the experi-

ment .  Dur ing data col lect ion at  165o,  2J0",515o,  and

140'C, crystal temperature was recorded contin-

uously by means of a strip chart recorder and varied

less than +10'C in each case.
The intensity data were corrected for Lorentz and

polarization effects, assuming a fifty percent ideally

mosaic monochromator  crysta l .  Because of  the smal l

size and low absorption coefficient of the crystal (p :

TesI-e l. Cell parameters ofsynthetic titanites at five temperatures

T e n p e r a t u r e  ( ' C )  a ( A ) c  ( A ) B ( ' )  v  <, i l )b  ( A )

25

1 6 5

2 7 0

515

140

7 . 0 6 8  ( 1 )  *  8 . 7 1 4  ( 3 )

7  . 0 6 7  ( L )  8 . 1 2 6 ( 2 )

1 . 0 6 0 ( 2 )  8 . 7 3 1  ( 3 )

7  . 0 1 7  ( 2 )  L 7 4 3 ( 4 )

7 . 0 8 3  ( 4 )  8 . 7 5 3  ( 9  )

6  .  5 6 2  ( 2 )

6 . 5 6 8  ( 2 )

6 . 5 6 s  ( 3 )

6 . 5 8 4 ( 3 )

6 . 5 9 6 ( 1 )

0 .  5 0

LL3 .82  369 .7

1 r3 .77  310 .7

1 1 3 . 7 3  3 1 O . 7

1 1 3 . 6 8  3 7 3 . 1

r 1 3 . 5 5  3 7 4 . 8

xli lmbers Ln parentheses reDTesent
the  Las t  dec ima l  p lace .

* *7 ,  change be tueen 25"C aru i  710"C

t lLe  r :s t imaLed s tamlard  enor '  (1a)  in
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TnsLr 2 Refinement parameters for synthetic titanite at five temoeratures

P a r a m e t e r 25 "c  165 "c  270 . c  515 .C  740 "c

No.  Leasr -Squares  Var iab les  74  74

N o .  R e f l e c t i o n s *  4 3 0  3 5 5

4 I

276  256  267

0 .  033  0 .  039  0 .  043

39'38 cm-1; pR : 0.23), no absorption correction along the a direction. with this possibil i ty in mind, a
was applied. Standard deviations were estimated us- new set of least-squares cycles *u, ,un, starting with
ing the formula suggested by Corfield et at. (1967) the atomic parameters of Mongiorgi and Riva de
with a diffractometer factor of 0.04. Refinement of Sanseverino (1968), but constraining Ca, Ti, Si, and
the 25o and 165"C st ructures was in i t ia ted in  space o( l )  to  movement only  in  thex d i rect ion.  Four such
group P2'/a using coordinates derived from those of cycles of isotropic refinement followed by additional
Mongiorgi and Riva de Sanseverino (1968). We cyctes of isottopic and anisotropic refinement, during
shi f tedtheor ig inof thei r  A2/astructurebyl /4yand which a l l  a tomic parameters,  a scale factor ,  and a
| /4 z to facil i tate comparison of the low temperature secondary extinction parameter were allowed to vary,
P2'/a and high temperature A2/a structures. Reflec- led to convergence and final unweighted (weighted)
tions with P < 3o(P) were considered unobserved R-factors of O.O+S (0.063) and 0.047(0.059) for the
and were not used in the refinement. Very strong 25"C and 165'Cstructures, respectiveiy. Thosepairs
reflections for which calculated and observed struc- of atoms tO(2A), O(2B), Otial uni O1:f;j up-
ture factors differed by more than 15.0 were not proaching crystallographic equivalence as the transi-
inc luded in the ref inement ,  though only I  to  3 of  these i ion is  

-approached 
showed high corre lat ion

were found in each data set. Seven cycles of isotropic coefficientswith respect to positional parameters. For
refinement with unit weights and four cycles of full example, the correlation coefficient for the x coordi-
anistropic refinement with weights based on counting nates of O(2A) and O(2B) at 165"C is 0.g0. These
I{]ltrcs were computed using L. w. Finger' i high correlations may have caused the anisotropic
RFINE program. Unionized atomic scattering fac- temperature factors of several atoms in both data sets
tors f rom Doyle and rurner  (1968),  anomalous d is-  to  b inon-posi t ivedef in i te  [25.c:o( l ) ,  o(2B);165"c:
pers ion correct ions f rom vol .  I I I  o f  In ternat ional  o( l ) ,  o(2A),  o(2B),  o(34)1.
Tables, and a secondary extinction correction were Refinementof thehigh-temperature (A2/a)titanite
appf  ied '  s t ructure at  270" ,515",  and l+O'c was carr ied out  in

Neither of the refinements described above con- the same manner as previously described and con-
verged properly. Furthermore Ca and Ti showed dis- verged after four isotiopic andfive anistropic cycles
placements along the c axis which were felt to be of Last squares. None of the problems encountered
inconsistent with the diffraction pattern. The lack of in the refinements of the 25.C and 165.C data sets
reflections violating A2/a symmetry in the 25oC and were found in these refinements of the A2/a struc-
165"C jkl zone suggested that the atomic dis- ture. Details of the five refinements are given in Table
placement producing P2r/a symmetry is primarily 2.Table 3 contains l istings of the observed and calcu-

4 I4 7

R**

R(we igh te4 ;  * * ' t

0 . 0 4 8  0 . o 4 7

0 .  0 6 3  0 .  0 5 9 0 . 0 4 4  0 . 0 4 9

1 .  5 9  L  . 7 r6 ( u n i t  w e i g h t  o b s e r v a t i o n )  2 . O O  1 . 9 4

M a x i m u m  c o r r e l a t i o n  c o e f f i c i e n t x * x x  0 . 6 3  _ 0 . g 4 u .  ) ) o  . 5 7

0 .  054

1 .  8 4

0 .  5 6

xl1:l.uq?d in_fiml eycle of refinement. Reflections uith F2.So(F2) o"
, , l r r " loq -  n. l l .12 uer.e re iected.  ?here uere onLg 1 to 3 sat is fy i .ng
Ine  LaL tep  eond iL ;on  i n  eaah  re f ' . nemenL ,

* * F  =  x  ( l F o l - l F c l ) / L i F o l  * x * R ( u t . t  =  y L a ( l r n l _ l r " l t z / z u r l j z

***xAnong atamic parffieite"s.
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TnsLr 4. Refined positional and isotropic thermal parameters for synthetic titanite

at hve temDeratures

A t o m  P a r a m e t e r  2 5 ' C  1 6 5 ' C  2 1 0 " C  5 1 5 ' C  7 4 0 ' C

C a  x  0 . 2 4 3 9 ( 6 ) * *  0 . 2 4 3 4 ( t r )  a . 2 5  0 . 2 5  0 . 2 5
y  0 . 4 1 8 4 ( 2 )  0 . 4 1 8 5 ( 2 )  0 . 4 1 8 7 ( 2 )  o . 4 1 8 7 ( 2 )  0 ' 4 1 9 1 ( 2 )
z  0 . 2 5 1 3 ( 8 )  0 . 2 5 2 I ( 1 6 )  o . 2 5  o . 2 5  0 . 2 5
B ( e q ) * x *  1 . 2 6 ( s )  1 . s 6 ( 6 )  1 . 8 1 ( 4 )  2 . 4 r ( 6 )  2 . 9 4 ( 6 )

r i  x  o . 5 I 2 4 ( 2 )  0 . s 1 1 0 ( 4 )  0 . 5 0  0 . 5 0  0 ' 5 0
y  o . 2 5 s 7 ( 4 )  0 . 2 s 2 8 ( 1 0 )  0 . 2 5  0 . 2 5  0 . 2 5
z  0 . 7 4 9 8 ( 4 )  0 . 7 s 0 4 ( 8 )  O . 7 5  0 . 7 s  0 . 7 s
B ( e q )  0 . 6 0 ( 4 )  0 . 8 2 ( s )  1 . 0 s ( 4 )  r . 2 6 ( 4 )  7 . 4 7 ( 5 )

s i  x  O . 7 4 9 4 ( 7 )  0 . 7 5 3 6 ( 1 1 )  0 . 7 5  0 . 7 5  O . 7 5
y  0 . 4 3 2 7 ( 2 )  0 . 4 3 2 8 ( 3 )  0 . 4 3 3 1 ( 2 )  0 . 4 3 3 0 ( 3 )  0 . 4 3 2 8 ( 3 )
z  O . 2 4 9 3 ( 9 )  0 . 2 4 9 2 ( 2 L )  O . 2 5  0 . 2 5  0 . 2 5
B ( e q )  0 . 4 0 ( s )  0 . 5 2 ( 5 )  0 . 6 2 ( 4 )  0 . 7 6 ( 6 )  0 . 9 3 ( 6 )

0 ( 1 )  x  0 . 7 4 9 7 ( I o )  0 . 7 s 1 9 ( 1 6 )  0 . 1 5  0 . 1 5  0 . 7 5
y  o . 3 2 1 2 ( 6 )  0 . 3 2 0 6 ( 8 )  0 . 3 1 9 7 ( 6 )  0 . 3 2 1 2 ( 8 )  0 . 3 2 1 0 ( 8 )
z  0 . 7 4 9 8 ( 1 s )  0 . 7 5 1 3 ( 2 6 )  0 . 7 5  o . 7 5  0 . 7 s
B ( e q )  0 . 7 0 ( 1 0 )  0 . 9 0 ( 1 3 )  1 . 0 6 ( r 0 )  1 . 3 8 ( 1 3 )  1 . 7 0 ( 1 3 )

o ( 2 A )  x  0 . 9 0 9 s ( 9 )  0 . 9 r r o ( 1 6 )  0 . 9 1 0 4 ( 5 )  o . 9 1 0 2 ( 7 )  0 . 9 0 9 3 ( 7 )
y  0 . 3 1 7 s ( 8 )  0 . 3 1 8 6 ( 1 1 )  0 . 3 1 6 0 ( 4 )  0 . 3 1 6 6 ( 5 )  0 . 3 1 6 7 ( s )
z  o . 4 3 2 9 ( 1 3 )  o . 4 3 6 5 ( 2 2 )  0 . 4 3 4 2 ( 6 )  0 . 4 3 4 6 ( 7 )  0 . 4 3 4 1  ( 8 )
B ( e q )  0 . 7 5 ( 1 5 )  0 . 9 0 ( 2 6 )  1 . 0 5 ( 7 )  r . 3 7 ( 9 )  1 . 7 1 ( r 0 )

0 ( 2 B )  x  0 . 0 8 7 0 ( 9 )  0 . 0 9 0 1 ( 1 8 )
y  0 . 1 8 5 1 ( 8 )  0 . 1 8 6 r ( 1 3 )
z  0  . 0626  ( I 2 )  0 .  0660  (20 )
B ( e q )  0 . 6 0 ( 1 4 )  0 . 9 6 ( 2 4 )

0 ( 3 A )  x  0 . 3 8 1 3 ( 1 0 )  0 . 3 8 1 3 ( 1 5 )  0 . 3 8 2 0 ( s )  0 . 3 8 1 6 ( 6 )  0 . 3 8 1 7 ( 6 )
y  0 . 4 s 8 6 ( 9 )  0 . 4 s 8 2 ( 1 4 )  0 . 4 6 0 0 ( 4 )  0 . 4 6 0 3 ( 6 )  0 . 4 6 0 r ( 6 )
z  0 . 6 4 4 8 ( 1 3 )  0 . 6 4 4 2 ( 2 3 )  o . 6 4 6 7 ( 6 )  0 . 6 4 7 1 ( 7 )  0 . 6 4 E 2 ( 8 )
B ( e q )  0 . 5 2 ( 1 4 )  0 . 8 2 ( 2 8 )  1 . 0 0 ( 7 )  r ' 2 9 ( 9 )  1 . 5 7 ( 1 0 )

0 ( 3 B )  x  0 . 6 1 7 8 ( 1 0 )  0 . 6 1 7 9 ( 1 6 )
0 . 0 3 8 1 ( 9 )  0 . 0 3 8 4 ( 1 3 )
0 . 8 s 2 0 ( 1 3 )  0 . 8 s 0 4 ( 2 3 )

B ( e q )  0 . 7 3 ( 1 s )  0 . 9 5 ( 2 9 )

xParmeters frorn final cyc'L.e of arLisotropic refLnenent.

x'uNwnbers in parentheses rep?",sent the esttnateci standard error t lo)
in the Lasl: decinal place quoted.

*xxEquLDalent isotropic temperature fdctars dere cdlculcted using the

erpress'Lon of f loniLton (1959),

lated structure factors from the final cycles of refine- corner-sharing TiO6 octahedra running parallel to the

ment of the 25'C and 2'70"C data sets.r The final a axis as shown in Figure 3a. Isolated SiOn tetrahedra

positional and isotropic equivalent thermal parame- share corners with these octahedra and serve as intra-

ters are l isted in Table 4. and inter-chain l inks through the O(2) and O(3) oxy-
gens, respectively. The intra-chain l inkage is

Results and discussion strikingly similar to that of the 7 A, corner-l inked

comparison of tow- and high-temperature titanite #li:%X' :::il,:J ;i",t"H:1i:T"lH::hllf"",::
structures 

site between thq octahedral chains (Figure 3a). The
The primary structural unit of t itanite in both the four O(1) anions in each unit cell are three-coordi-

low-temperature (P2,/q) and high-temperature nated by two Ti and one Ca. Each of the eight O(2)
(A2/a) modifications consists of a zig-zag chain of anions is three-coordinated by Si, Ti, and Ca. The

eight O(3) anions per unit cell are four-coordinated
'Table 3 may be obtained by requesting document AM-76-014 UrI Si. f i . and two Ca cations. Additional details of

from the Business Office, Mineralogical Society of America, Suite .,' , 
'

1000, lower level, 1909 K street, N.w , washing,"", ;:;:)ff,;;. the low-temperature structure can be found in Speer

Please remit $1.00 in advance for the microfiche. and Gibbs (1916)'
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FIc. 3. (a) Perspective drawing of the titanite structure projected on (001) showing the ztg-zag chain of Ti-octahedra crosslinked by
isolated Si-tetrahedra. one of the Ca-cations is shown in its seven-coordinated site between the chains. The five nonequivalent oxygens in
space group P2,/a are labeled following the n otation used in Tables 4 and 5. (b) Perspective d ra wing of the titan ite structure projecled on
(001) showing the di rect ion of  movement of  r i -cat ions accompanying the phase t ransi t ion.

In order to facil i tate comparison between the
P2 I /a and A2/a titanite structures we reDresent their
coordination formulae below following the recently
introduced notation of Muller and Roy (19j4).
P2 /a titanite structural formula

cavIITivr SiruOrtttgrru

Ica?i, ' r i?i] '  si i ir '  o(l)i i , ' . '  o(2A)[i i.I. '  o(2B)fi].r. '
o(3A)l1l . ' . ' * '  o13;B[] l  * ' * ' * '  

1

A2/a titanite structural formula

cavrrTivr siruorttt6rtu

I ca,tt,"*"*" Tii i i"*" sil; i t '  o(l)i; i '

o(2); l l i ' . '  o(3); l l i ' . ' " '  l

The conventional structural formula is given above
each Muller-Roy formula with the Roman numeral
superscripts referring to coordination number. It
should be noted that the phase transition does not
involve a change in cation or anion coordination
number. The subscripts in square brackets of the
Muller-Roy formulae refer to the site symmetry of
the atom position in Hermann-Mauguin notation;
the superscripts refer to the number of equivalent and
non-equivalent oxygen anions. The Ca cation in the

A2/a structure resides on a special position with site
symmetry 2 and is coordinated by three different sets
of two equivalent oxygen anions and a seventh non-
equivalent oxygen. The parentheses around the first
Roman numeral superscript of the O(2) and O(3)
oxygen anions indicate that the nearest neighbor is a
Si cation. Further explanation of the symbolism can
be found in Muller and Roy (1974).

In the low-temperature P2r/a modification of titan-
ite, all atoms occupy general positions of site sym-
metry 1. The distinguishing feature of the low-tem-
perature structure is the displacement of Ti toward
the O(1) oxygen (see Fig. 3b). Although the equa-
torial oxygens, O(2A), O(2B), O(3A) and O(3B),
have bonds to Ti about equal to the sum of the ionic
radi i  (2 .00 A; ,  the average Ti -O( l )  bond length is
1.87 A. The Ti-octahedron is therefore contracted in
the ax ia l  d i rect ion [para l le l  to  O( l ) -T i -O(1,) ] .  In
spite of this contraction, Ti is displaced by 0.10 A
toward one of the O(l) oxygens resulting in Ti-O(l)
bond lengths of  1.768 and 1.970 A at  25"C.  These
distances are in good agreement with those reported
by Speer and Gibbs (1974). The structure at 165.C
shows the same general features as at 25oC; thermal
parameters are higher and Ti is closer to the geomet-
ric center of its octahedron.

The most significant change in the structure as a
function of temperbture up to the transition is the
movement of Ti from a general position off-set from
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TnsI-r 5. Displacements (in A) Between low (25"C) and high (270"C) titanite atom
DOSIUOnS

ot"oif,;"""'
t 1 S i 0 ( r ) 0 ( 2 A )  0 ( 2 8 )  0 ( 3 A )  0 ( 3 8 )

P a r a l l e l  t o  a  0 . 0 4 3  - 0 . 0 8 8

P a r a l l e 1  t o  b  0 . 0 0 3  - 0 . 0 5 0

P a r a l l e l  t o  c  - 0 . 0 4 8  0 . 0 0 1

0 . 0 0 4  0 . 0 0 2  0 . 0 0 6  - 0 . 0 1 8  0 . 0 0 5  0 . 0 0 1

0 . 0 0 3  - 0 . 0 1 3  - 0 . 0 1 3  - 0 . 0 1 0  0 . 0 1 2  0 . 0 1 7

0 . 0 0 5  0 . 0 0 1  0 . 0 0 9  0 . 0 1 7  0 . 0 1 2  0 . 0 0 9

the center of the octahedron in the low-temperature
form (site symmetry ,l ) to the geometric center of the
octahedron (site symmetryl) in the high-temper-
ature form. The displacement vectors associated with
each Ti are shown exaggerated in Figure 3b, and the
shifts in positional parameters over the temperature
range25" to270"C are l isted in Table 5. The shift in
Ti position is primarily along a (Ax : 0.088 A). The
question must now be asked whether the Ti atom
position in the high-temperature structure represents
an average of two or more Ti positions or a single Ti
position with a large thermal component in the axial
direction of the octahedron. The major axis of the Ti
t he rma l  e l l i pso id  i s  a l i gned  pa ra l l e l  t o  t he
O( l ) -T i -O( l )  bond wi th an RMS displacement  of
0.137 A at 270"C. This displacement is somewhat
larger than that of Ti from the geometric center of the
octahedron in the low-temperature form, suggesting
that the high-temperature form may represent a sta-
tistical average of two sites on either side of the center
of symmetry. We feel, however, that such a situation
would require a larger, more elongate ell ipsoid. The
evidence available is not clear cut, but in future dis-
cussion we will assume a single Ti site at the geomet-
ric center of the octahedron above 220"C. The only
other atom that undergoes significant movement near
the phase transition is Ca with shifts along x and z of
0.043 A and -0.048 A, respectively. Further shifts in
positional parameters not f ixed by symmetry are mi-
nor over the temperature range 270" to 740'C. Se-
lected bond distances and angles at the various tem-
peratures are given in Tables 7 and 8, respectively.

Polyhedral distortions and uolume changes

Angular distortions were evaluated using the bond
angle variance parameter of Robinson et al. (1971)
(Table 9). The SiOn variance parameter reflects signif-
icant distortions from ideal tetrahedral angles and
changes insignificantly with increasing temperature.
The bond angle vaiiance for the TiO. octahedron
drops sharply at the transition, but this change re-

flects the movement of the Ti atom rather than any

real change in the oxygen environment around the Ti

site. With the exception of the Ti-O(l) bond, Ti-O

and Ca-O bond lengths increase at roughly constant
rates over the temperature range studied. Si-O bonds
increase slightly but erratically with increasing tem-
perature.  The Si-O(3A) bond length at  165"C (1.685)

seems anomalously large. Because the SiOn tetrahed-
ron shows nearly constant bond lengths and a wide
variance in bond angles, whereas the TiO. octahe-
dron shows nearly ideal bond angles (at least in the
range 270"-740') and a wide variance in bond
lengths, we feel that the bond angle variance parame-

ters are not wholly adequate measures of polyhedral

distortion for this structure.
Changes in polyhedral volumes over the temper-

ature range 25 'C to 740'C are -0.31,  1.52,and2.05
percent, respectively for the SiOo tetrahedron, the
TiOu octahedron, and the CaOz polyhedron. The neg-
ligible changes in tetrahedral volume and mean Si-O
distance with temperature are consistent with those
found in other sil icates studied at high temperature.
The relative volume and bond length changes among
the three polyhedra support the commonly held no-
tion that bond strengths decrease in the series Sirv-O,

TivI -O,  and CavI I -O.

Nature of the phase transition in titanite and domain

formation

The rapid, nonquenchable behavior of the phase

transition and the structural data above and below
the transition temperature indicate that the phase

transition is displacive in nature and can be classified
as a distortional transformation following the no-
menclature of Buerger (197 1). The gradual rate of

disappearance of the 401 reflection and the appar-
ently continuous behavior of the cell volume with

temperature are suggestive of a second order phase

transition, but our data do not permit choice between
first, second, or higher order. It should be noted that
space group P2r/a is a subgroup of A2/a, thus fulf i l l-
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Tnst-r 6. Orientation of thermal ellipsoid axes (o) and RMS displacements (A) of
Ti, Si, and Ca in synthetic titanite at five temperatures

165 "C  270 "C  515 . c  740 "c25" c

Ca E l l ipso id

Ax is  I  RMS Anp l i tude
Ang le  w ich  a
Angle with b
Ang le  w i th  c

Axis 2 RMS Anplitude
Ang le  w i th  a
Ang le  w i th  b
Ang le  w i rh  c

Axis 3 RMS Anplitude
Ang le  w iEh a
Ang le  w i rh  b
Angle wj !h c

T i  E l l ipso id

Axis I RMS Anplitude
Ang le  w i th  a
Ang le  w i rh  b
Ang le  w i th  c

Axis 2 RMS Anplitude
Ang le  w i th  a
Ang le  w i rh  b
Ang le  w i th  c

Axis 3 RMS Anplirude
Angle with a
Ang le  w i rh  b
Angle wilh c

S i  E l l ipso id

Axis 1 RMS Anplitude
Ang le  w i th  a
Angle wirh b
Ang le  w i th  c

Ax is  2  R l lS  Anp l i rude
Ang le  w i th  a
Ang le  w i rh  b
Ang le  w i th  c

Axis 3 RMS Anplitude
Ang le  w i th  a
Angle with b
Ang le  w i rh  c

0 . 0 9 0  0 . 0 7 2
8 2  8 6
24  138
73  54

0 .  1 0 4  0 .  1 3 7
94  94
6t t32

I45 r30

0 .  1 7 0  0 .  1 8 8
I72  L74
85  90
60  61

0 .  0 7 5  0 .  0 8 7
74  130
16  57
94  4L

0 . 0 8 6  0 . r 0 2
85 L07
8 9  6 t

161  130

0 . 0 9 9  0 . 1 1 5
L t  4 )

106  46
109  98

0 . 0 5 0  0 . 0 3 6
68  139

L49  I 27
8 0  5 6

0 . 0 6 2  0 . 0 7 9
42  94
87  111

156  146

0 .  0 9 4  0 .  1 1 0
5 6  4 9
60  136
68  93

0 . 1 1 1  0 . 1 3 0  0 . r 4 4
90  90  90
0 0 0

90  90  90

0  .  115  0  . r 32  0 .156
100  96  98

90  90  90
146 150 r49

0 . 2 0 8  0 . 2 4 0  0 . 2 5 8
r7o  L74  r72

90  90  90
56  60  59

0 . 1 0 0  0 . 1 0 9  0 . 1 2 3
103  107  t z r

5 2  6 9  7 r
38  22  2 I

0 . 1 0 5  0 . L 2 5  0 . 1 4 0
L07 97 107
4 6  2 5  3 6

119  109  111

0 . 1 3 7  0 . 1 4 3  0 . 1 4 5
1 5 8  1 8  3 6
I I2 77 60
67  101  92

0 . 0 7 8  0 . 0 9 0  0 . 0 9 2
L24 101 I34

90  90  90
1 0  1 3  2 0

0 .  0 9 3  0 .  0 9 1  0 .  1 0 4
90  90  9a

180  r80  180
90  90  90

0 . 0 9 4  0 . I r 2  0 . L 2 7
34  11  44
90 90 

'so

80  103  70

rng a necessary but not sumcient condition for second
order transitions (Landau and Lifschitz, 1969).

In cooling through the A2/a - p2r/a transition, Ti
has a choice of moving in a positive or negative
direction along the O( I )-Ti-O( I ) bond from the cen-
ter of symmetry. The direction of movement cannot
be random for each octahedron because random dis-
placements would result in Ti occupying the special
position (0.5, 0.25, 0.75) on the average, with alarge
thermal motion component in the axial direction of
the octahedron. The random displacement would
therefore cause primitive reflections of the type k -l t
odd to disappear. Because these reflections are clearly
present below the transition temperature (Fig. l),

movement of the Ti atoms must be coupled such that
a displacement of one Ti in a positjve direction causes
its neighboring Ti cations in the chain to be displaced
in a positive direction. If this l inear coupling does not
extend throughout the crystal, it must extend far
enough to give rise to domains of sufficient size to
diffract X rays coherently. This model is similar to
that proposed by Com6s et al. (1970\ for tetrasonal
BaTiO3.

We now examine the crystal chemical factors
which might be expected to influence the orientatron
and shape of these proposed domains. Our view of
the domain structure is schematically represented in
Figure 4. Notice that where the domain boundary



HIGH TEMPERATURE STRUCTURAL STUDY OF SYNTHETIC TITANITE

Tlsls 7. Selected interatomic distances (A; in synthetic titanite at five

temDeratures

Polyhedron 25" c 1 6 5 " C 210"C 515 '  C 740 "c

443

Ti -Octahedron

r i - 0  ( r )

r i - 0  ( 1 '  )

r i -0 (24)

r i - 0  (  28 )

r i -0 (  34)

r i -0 (  3B)

MEAN

Si-Tetrahedron

si-0 (  2A)

s i - 0 ( 2 8 )

si-0 ( 3A')

s i - 0 ( 3 8 )

MEAN

Ca-Polyhedron

c a - 0 ( l )

Ca-0 (  24)

ca -O  (2B )

Ca-0 (  3A)

c a - 0 ( 3 A ' )

ca -0  (  38 )

ca -0  ( 38 '  )

MEAN

1 .  7 6 8  ( 6 )  * *

r . 9 7 O ( 6 )

2 . 0 0 6  ( 8 )

r . 9 6 1  ( 1  )

r . 9 8 2 ( 8 )

2 . 0 4 4  ( 9 )

|  . 9 5 6  ( 7  )

1 . 6 2 r  ( 8 )

1 . 6 5 1  ( 8 )

r . 6 s s ( 7 )
r . 6 3 0 ( 7 )

r . 6 3 9  ( 7  )

2 . 2 6 5  ( 6 )

2  . 4 2 2 ( 7 )

2 . 4 0 0 ( 8 )

2 .  3 8 5  ( 8 )

2 . 6 7 3 ( 8 )

2  . 4 2 8  ( 9 )

2 . s 8 0 ( 3 )

2  . 4 5 0 ( 8 )

r . 8 0 0 ( 9 )  L . 8 6 7  ( 2 )

r  . 9 4 2  ( 9 )  L  . 8 6 7  ( 2 )

1 . 9 9 1 ( r 3 )  1 . 9 9 4 ( 3 )

1 . 9 9 0  ( r 3 )  r .  9 9 4  ( 3 )

2 . 0 0 5 ( 1 4 )  2 . o r 7  ( 4 )

2 . 0 2 6 ( r 5 )  2 . 0 r 7  ( 4 )

1 . 9 s 9 ( 1 2 )  r . 9 5 9 ( 3 )

r  . 8 7  6  ( 2 )  L . 8 1  1  ( 2 )

L . 8 7  6  ( 2 )  r  . 8 7 7  ( 2 )

r .  998  (4 )  2  .  006  ( s )

r . 9 9 8  ( 4 )  2 . 0 0 6  ( 5 )

2 . 0 2 0 ( 5 )  2 . 0 2 r ( 5 )

2 . O 2 0 ( 5 )  2 . 0 2 r { 5 )

1 . 9 6 5 ( 4 )  r . 9 6 8 ( 4 )

1 . 6 2 s ( 1 5 )  r . 6 4 0 ( 4 )  1 . 6 4 1 ( 5 )  r . 6 3 9 ( 5 )

r . 6 s s ( 1 6 )  1 . 6 4 0 ( 4 )  r . 6 4 r ( 5 )  1 . 6 3 9 ( 5 )

1 . 6 8 6 ( r 2 )  r . 6 4 6 ( 4 )  r . 6 4 2 ( 5 )  r . 6 4 3 ( 5 )

L . 6 0 6 ( 1 2 )  L . 6 4 6 ( 4 )  L . 6 4 2 ( 5 )  1 . 6 4 3 ( 5 )

1 . 6 4 3 ( 1 4 )  r . 6 4 3 ( 4 )  r . 6 4 2 ( 5 )  1 . 6 4 r ( 5 )

2 . 2 7 7 ( 7 )  2 . 2 8 6 ( s )  2 . 2 1 4 ( 7 )  2 . 2 7 s ( 7 )

2 . 4 4 8 ( L 2 )  2 . 4 r 8 ( 4 )  2 . 4 2 7 ( 5 )  2 . 4 3 2 ( 5 )

2 . 3 9 0 ( 1 r )  2 . 4 r 8 ( 4 )  2 . 4 2 7  ( 5 )  2 . 4 3 2 ( 5 )

2  . 3 8 3  ( L 7 )  2 . 4 L 4  ( 3 )  2  . 4 2 8  ( 4 )  2  . 4 3 7  ( s )

2 . 6 8 3  ( 7 3 )  2 . 6 3 0 ( 3 )  2 . 6 3 9 ( 4 )  2 . 6 4 r ( 4 )

2 . 4 5 o ( 1 6 )  2 . 4 7 4 ( 3 )  2 . 4 2 8 ( 4 )  2 . 4 3 7  ( 5 )

2 . 5 8 5  ( r 2 )  2 . 6 3 0 ( 3 )  2 . 6 3 9  ( 4 )  2 . 6 4 r ( 4 )

2  .  459  ( r 3 )  2  . 459  (4 )  2  .  466  (5 )  2  . 41  L  ( 5 )

* l  n  ' n n n p , - o d  " a n  f h c n a n  n o l  i o < .

* r .Numbers 'Ln  parentheses  rep?esent
in  the  Las t  dec ina l  pLace quoted .

l:he esi;imated starrdard err.ors (1a)

cuts across an octahedral chain, both titanium atoms
must be displaced toward or away from the O(l)
oxygen. We can therefore consider three types of
O(1)  oxygens:  ( l )  the normal  O( l )  oxygen wi th one
Ti displaced toward and the other away from the
O( l )  s i te ;  (2)  an O( l )  oxygen at  a domain boundary
where both Ti atoms are displaced away from the
si te;  (3)  and O( l )  oxygen at  a domain boundary
where both Ti atoms are displaced toward the site.
The sum of  the Brown and Shannon (1973) bond
strengths (f) indicate that a type I site is charge
balanced (f : 2.050), a type 2 site is over-saturated
with electron density (f : 1.718), and a type 3 site is
under-saturated with electron density (r : 2.398).
We feel that, in the absence of other factors, the
crystal wil l react in such a way as to minimize the
number of type 2 and type 3 O(l) sites leading to

domain boundaries which run parallel to the octahe-
dral chain (the a axis). Substitution of an OH group
for O at the O(l) site would tend to withdraw elec-
tron density from the Ti-O bonds and favor forma-
tion of atype2 site in the low-temperature modifica-
tion.'? Similarly, substitution of Al+3 or Fe+3 for Ti+4,

' On the basis of Pauling bond strength arguments, Zachariasen
(1930) suggested that  OH for  O subst i tut ions occur at  O( l )  Ut i l iz-
ing the more recent Brown and Shannon bond strength equations,
we find the following bond strength sums to the oxygens at25"C:

f to( l ) l  :2 .0s0; l lo(2A) l  = 1 888; f to(2B) l  = t .873;  f lo(3A) l  :
2 010; f [O(38)] : 2.008 v.u. On the basis of these bond strength
sums alone,  one might  predict  that  OH should subst i tute at  O(2A)
or O(2B).  However,  an O( I  )  oxygen at  a domain boundary ( type 2)

is  more oversaturated than O(2A) or  O(28),  and subst i tut ion of

OH at  th is type of  O( l )  s i te would lead to a greater  charge balanc-

ing effect. These arguments are consistent with the earlier sugges-
tion concerning the location of OH in titanite based on polarized

infrared data ( lset t i  and Penco. 1968)
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Tnst-e 8 Selected bond angles (") ofsynthetic titanite at five temperatures

Polyhedron 25"  C 1 6 5 " c 2 7 0 " c 5 1 5 " C 740 "c

Ti-Octahedron

0 ( 1 ) - r r - 0 ( 1 ' )  r 7 8 . 9 ( 2 ) x

0 ( 1 ) - r i - O ( 2 4 )  9 2 . S ( 3 )

0 ( 1 r ) - r i - 0 ( 2 A )  8 6 . 8 ( 3 )

0 ( 1 ) - r i - o ( 2 8 )  9 3 . 5 ( 3 )

0 ( 1 ' ) - r i - 0 ( 2 8 )  s 6 . 9 ( 3 )

0 ( 1 ) - r i - o ( 3 A )  e 1 . 3 ( 3 )

0 ( 1 ' ) - r i - o ( 3 4 )  8 7  . 7  ( 4 )

0 ( 1 ) - r i - 0 ( 3 8 )  e 4 . 5 ( 3 )

0 ( 1 ' ) - r i - 0 ( 3 8 )  8 4 . 3 ( 3 )

0 ( 2 4 ) - r i - 0 ( 2 8 )  r 7 3 . 6 ( 3 )

0 (2A ) - r i - 0 (3A )  90 .0 (3 )

0 ( 2 A ) - r i - 0 ( 3 B )  8 8 . 7 ( 3 )

0 (2B ) - r i - 0 (3A )  91 .0 (3 )

0 (3A ' ) - r i - 0 (38 )  174 . r ( 3 )

S i - T e t r a h e d r o n

0 ( 2 A ) - s i - 0 ( 2 8 )  1 0 3 . s ( 3 )

0 (2A ) - s i -O (3A)  7 r2 .4 (4 )

0 (24 ) - s i - 0 (38 )  r o7 .9 (4 )

0 ( 2 8 ) - s i - 0 ( 3 A )  1 0 9 . 1 ( 4 )

0 ( 2 B ) - s i - 0 ( 3 8 )  r L 2 . 9 ( 4 )

0  ( 3A )  - s i - 0  ( 3B )  111 .  0  ( 3 )

MEAN 109.5 (4)

Octahedral Chain Kink

T i - 0  ( 1 )  - r i l 1 4 1 . 3 ( 3 )  r 4 r . 6 ( 4 )

1 8 0 . 0  1 8 0 . 0  1 8 0 . 0

e 0 . 1 ( 1 )  9 0 . 2 ( 1 )  e 0 . 4 ( 1 )

8 9 . e ( 1 )  8 e . 8 ( 1 )  8 e . 6 ( 1 )

9 0 .  1  ( 1 )  9 0  . 2  ( L )  e 0 .  4  ( 1 )

8 9 . e ( 1 )  8 e . 8 ( 1 )  8 9 . 6 ( 1 )

9 2 . O ( 2 )  9 2 . I ( 2 )  9 2 . O ( 2 )

8 8 . 0 ( 2 )  8 7 . 9 ( 2 )  8 8 . 0 ( 2 )

9 2 . o ( 2 )  9 2 . r ( 2 )  9 2 . o ( 2 )

8 8 . 0 ( 2 )  8 7 . 9 ( 2 )  8 8 . 0 ( 2 )

1 8 0 . 0  1 8 0 . 0  1 8 0 . 0

9 0 . 1 ( 2 )  e 0 . 1 ( 2 )  e 0 . 1 ( 2 )

8 9 . 9 ( 2 )  8 9 . 8 ( 2 )  8 9 . e ( 2 )

9 0 . 1 ( 2 )  e 0 . 1 ( 2 )  e 0 . 1 ( 2 )

1 8 0 .  0  1 8 0 .  0  1 8 0 .  0

1 0 2 . 9 ( 3 )  1 0 3 . 3 ( 3 )  1 0 3 . 3 ( 4 )

172 .8  ( 2 )  1L2  . 7  ( 2 )  1L2  . 7  ( 2 )

1 0 8 . 7 ( 2 )  7 0 8 . 7 ( 2 )  r O 8 . 7 ( 2 )

1 0 8 . 7 ( 2 )  1 0 8 . 7 ( 2 )  r 0 8 . 7 ( 2 )

L 7 2 . 8  ( 2 )  7 L 2  . 8 ( 2 )  r r 2  . 7  ( 2 )

r 1 0 . 9 ( 3 )  1 1 0 . 8 ( 4 )  1 1 0 . 5 ( 4 )

1 0 9 . s ( 2 )  1 0 9 . s ( 3 )  r 0 9 . 4 ( 3 )

1 4 1 . 9  ( 3 )  r 4 r . 2 ( 4 )  1 4 1 . 3  ( 4 )

r l  e  . 7  ( 9 )

9 2  . 7  ( s )

8 7 . 6  ( 5 )

92 .3  ( 5 )

8 7  . 4  ( 5 )

9 0  . 4  ( 6 )

8 9 .  8  ( 4 )

9 4 . 3  ( s )

8 s . 6  ( 4 )

7 7  4  . 9  ( 5 )

8 9 .  9  ( 6 )

8 8 . 7 ( 7 )

9L .2  ( 7  )

7 7  5  . 2  ( 6 )

1 0 3 . 3 ( 3 )

1 1 1 . 1 ( 7 )

1 0 9 .  s  ( 6 )

1 0 8 . 0 ( 6 )

r 1 4 .  0  ( 8 )

r r 0 .  6  ( 3 )

1 0 9 . 4 ( 6 )

*Nmbers Ln parentheses
place quoted.

Tepresent stand.ard enors (1G) in the Last d.ecimal

which reduces the positive charge in the vicinity of
O(l ), wil l tend to favor the formation of a type 3 site.
Thus the presence of impurit ies may promote forma-
tion of domain boundaries which cut across the oc-
tahedral chain, effectively reducing the domain size.
Experimental evidence supporting this view has been
presented by Speer and Gibbs (1974, 1976). It should
be emphasized that the substitution of Fe, Al, and
OH need not be spatially coupled since the structure
at a domain boundary could provide the necessary
charge balance.

Comparison with distortional transformations in other
compounds

Distortional transformations are known to occur
in a number of sil icate minerals including qtrartz,
tridymite, cristobalite, nepheline, leucite, albite ,
anorthite, primitive cummingtonite, pigeonites,

P2r/c clinopyroxenes, and others. In each case cool-
ing through the transition temperature results in a
choice of movement of the structural elements in-
volved. Slow cooling through the transition region is
thought to favor the growth of large domains, i.e., a
coupling of these movements over large volumes of
the crystal; whereas fast cooling is thought to favor
the growth of small domains, i.e., a coupling of dis-
placements over small regions. Because domain size
is also related to composition in most cases, an inter-
pretation of a mineral's cooling history based on
domain size is relatively complicated. The coupled
displacements of Ti in titanite are somewhat analo-
gous to the coupled ti l t ing of tetrahedra involved
with the a-B quartz transition (Young, 1962; Bwr-
ger, l97 l), although the former involves a change in
bond length and the latter a change in bond angle.
The proposed domains in titanite resulting from mis-
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Tnnls 9.  Polyhedral  d istor t ions (")  and volumes (A3) of  synthet ic  t i tani te wi th
lncreaslng temperature ('C).

P o l y h e d  r o n 25" C 1 6 5  ' C 210"C 5 1 5 " C  7 4 0 ' C "lL*

T i -Octahedron

o 2 ( o c t . ; * *  8 . 7 3 2

V*r ( *  9 .  998

S i -Te t rahedr  on

o 2  ( t e t . ;  * *  7 2 . 2 0 0

v * * *  2 . 2 6 4

Ca-Po Iyhed ron

v * * *  1 9 . 6 6 9

I . 4 0 2  1 . 6 1 0  I . 5 5 7  - 8 2 . 1 7

1 0 . 0 0 5  r o . o 9 2  1 0 . 1 4 0  L . 5 2

1 3 . 8 3 1  L 2 . 2 5 6  1 2 . 1 , 6 5  - 0 . 2 9

2 . 2 6 2  2 . 2 5 7  2 . 2 5 1  - 0 . 3 1

7 . 0 4 4

9 . 9 8 3

1 2 . 8 9 6

2  . 2 6 5

1 9 . 7 9 7  L 9 . 7 3 3  1 9 . 9 5 1  2 0 . 0 7 2  2 . 0 5

*% change f rom 25"C ta  71A"C.

*xPolyhedral distortions uere estimated using the formulae for
and. tetrahedral bond angle uariance of Robinson et aL. (7971)
ang les  in  Tab le  7 .

x**Poluhedyal uolmes aere calculated using a modified uers'ion
Preuitt 's unpublLshed proErm DRLL.

octahedraT-
and the

o f  C . T .

takes in the coupled displacements are analogous to
the Dauphine-twin domains in a-quartz. Comparison
of the transition mechanism in titanite with that
found in pigeonites (Brown et al., l9j2), P2r/c cli-
nopyroxenes (Smyth and Burnham, 1972), and P2rm
cummingtonites (Sueno et al., 1972) i l lustrates an
interesting contrast. Whereas these chain sil icates
transform from high to low temperature forms by a
kinking of the chains of tetrahedra and concomitant
changes in the adjacent octahedral sites, the high to
low transformation in titanite involves essentially no
change in the kink angles of the chains of corner-
sharing Ti-octahedra (Table 7). This difference in
mechanism can be rationalized in terms of the fact
that isolated sil icate tetrahedra in titanite rigidly l ink
adjacent octahedra in a given octahedral chain, pre-
venting significant unkinking or kinking above or
below the transition. On the other hand, the adjacent
sil icate tetrahedra within the chains in primitive cli-
nopyroxenes and clinoamphiboles are weakly l inked
by octahedral cations. Thus changes in the kink angle
of these tetrahedral chains are more energetically fa-
vored with changes in temperatures.

Because of the antiparallel array of Ti dis-
placements between adjacent octahedral chains, it
has been suggested that t itanite is an antiferroelectric
(Speer and Gibbs, 1974). We note here some further
similarit ies between the transition in titanite and the
ferro- or antiferroelectric to oaraelectric transition in

some perovskite structure compounds. For example,
BaTiO3 loses its net dipole moment al. 120"C when it
undergoes a transition from tetragonal to cubic. This
transition is associated with a shift in Ti from an off-
center position to the geometric center of the TiO.
octahedron, similar to that observed in titanite. The
shi f t  is  0.12 A in BaTiO.  compared wi th 0. t0 A in
titanite. Both BaTiO, and titanite show a shortening
of the cell direction which is parallel to the Ti dis-
placements, though the magnitude of change is
smaller in titanite than in BaTiOe (Kay and Vousden,
1949). Because the sil icate tetrahedra tend to hold the
octahedral chain rigid in titanite, there is l i tt le or no
ti lt ing of the octahedra at the transition, as is found
in some perovskites. Titanite would therefore corre-
spond to those perovskites which show a purely dis-
placive change (e.g., BaTiOr) rather than ti l t ing (e.g.,
SrTiOe) or a combination of displacement and ti l t ing
(e.9., NaNbOr) (Megaw, 1973). These observations
are only qualitative, and measurements of the dielect-
ric constant of t itanite as a function of temperature
are needed to demonstrate that t itanite undersoes an
antiferroelectric to paraelectric transition.

Conclusions

In conclusion we have shown that t itanite under-
goes a fast, nonquenchable phase transition from
space group P2r/a at 220" + 20'C primarily in-
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FIc.4 Domain model  of  t i tani te showing the chains of  Ti -octahedra paral le l  to a.  The chains wi th dark and l ight  out l ines
represent those above and below the plane of the drawing Arrows represent directions of displacement of the Ti-cations. The
regions on either side of the heavy line through the figure represent domains in opposite orientations. Two types of O( I ) sites
are located at the vertical domain boundaries: that with both Ti-cations displaced away from O( I ) (upper right) and that with
both displaced towards O( l )  (center) .

volving the movement of the Ti atom from an off- Acknowledgments
center position to the geometric center of the TiO. We wish to thank Professor G. V. Gibbs (Virginia Polytechnic
octahedron. Whether this involves a true movement Institute and State University) for providing the crystals of syn-
or a disorder between two sites related by a center of thetic sphene used in this study and for making details of his room-

symmerry cannot be deduced from our crystaltogra- ::ilffj::il:Tj:TJ;,H[?[f ,i: il:lj:rtJ.tJ?:i;ij:i:
phic data; however, we favor the former inter- opment Funi and the National Science Foundation (NSF GA
pretation. Our data are consistent with a second or- 41731) Wegratefully acknowledge Standard Oil of California for
der phase transition. As in BaTiOs, synthetic t itanite providing computer time for this project.
shows a shortening of the cell in the direction parallel References
to the Ti displacement in the temperature region of
the transition. The transition mechanism p..riit, th" 

t-^t^Ii'-9"1'' c' T' Pnswtrr' J J' PnpIrr eNo s' SueNo (1972) A

rormation or domains related by a two-roid;;;;;;: ";;;;;::";,:trr5;li5;;* 
or row and high pigeonite' "/

alfel to b as suggested by Speer and Gibbs Q97$; BnowN, c. E., S. SueNo eNo C. T. Pnnwrrr (1973) Anew single-
domain size is probably controlled by impurity con- crystal heater for the precession camera and four-circle diffrac-
tent and distribution as well as by cooling rate. The ^ 

tometer' Am' Mineral' 58' 698-704.

substitution of oH for o and of Fe and Al for Ti at 
BnowN' 

,I ' , 
D eNo R' D SUTNNoN (1973) Empirical bond-

or adjacent to o(l) sites at domain uo""o"ri., 
"i- ililrtJ!. 

o""o-length curves for oxides' Acta crvstallogr' A29'

pears to be especially important in this respect. A BuERGER, M. J. (1971)Crystal-srructureaspectsof phasetransfor-
study of the effect of controlled amounts of impu- mations. Trans. Am. Crystallogr. Assoc.7,l-23.
rit ies on the k * / odd reflections is called for. The CotlEs, R., M LrunEnr nNo A. GutNlEn (1970) D6sordre l in6aire

simirarity between the structural changes in.tiranire |;ffiilT:)* 
,;::,';;:::;wo;rt:;fri"les perovskites

and those in BaTiOa suggest that t itanite might show c.;.;;;;, 
- i., 

R. J. DoeonNs rNo J. A. rBERs (1967) The crystal
antiferroelectric behavior. and molecular structure of nitridodichlorobis (Triphenylphos-



HIGH TEMPERATURE STRUCTURAL

phine) Rhenium (V), ReNCl, (P(C€H')s),, Inorg. Chem. 6,
t9't-204.

HenIlroN, W. C. (1959) On the isotropic temperature factor
equivalent to a given anisotropic temperature factor. Acta Crys-
tallogr. 12, 609-6 10.

IsErr I ,  G.  AND A. M. PrNco (1968) La posiz ione del l ' ldrogeno
ossidrilico nella titanite. Mineral. Petrogr. Acta, 14, ll5-122

Key, H.  F.  eNo P. VousorN (1949) Symmetry changes in bar ium
titanite at low temperatures and their relation to its ferroelectric
properties. Phil. Mag. 40, l0l0-1040.

LANDAU, L. D. eNo E. M. LIFscHlrz (1969) Statistical Physics,
Addison-Wesley Company,  Reading,  Massachusetts,  484 p.

Mrc,,rw, H. D. (1973) Crystal Structures: A ll 'orking Approach,
W. B Saunders,  Phi ladelphia,  563 p

MoNcronr,  R.  nNo L.  Rtve ot  Srr . tsBvsnrNo (1968) A reconsidera-
tion of the structure of titanite, CaTiOSiO. Mineral. Petogr.
Acta,  14,  123- l4 l .

MooRE, P.  B (1970) Structural  h ierarchies among corner-shar ing
octahedral and tetrahedral chains. Neues Jahrb. Mineral. Mon-
atsh 163-173.

MULLER, O. ,orNo R. Rov (1974) The Major Ternary Structural
Families. Springer-Verlag, New York, 487 p

RoruNs, C.  R.  (1968) Synthet ic  CaTiSiO, and i ts  germanium

analogue (CaTiGeOu). Mater Res Bull 3, 693-698.
RouNsoN, K. ,  G. V.  Grsss lNo P.  H.  Rrnsr (1971) Quadrat ic

STUDY OF SYNTHETIC TITANITE

elongat ion:  A quant i tat ive measure ofdistor t ion in coordinat ion
polyhedra Science, 172, 567-570.

SuvrH, J. R nNo C. W. BunNHrtrr (1972)The crystal structures of
high and low clinohypersthene. Earlh Planel Sci. Lett 14,

r83 -189
Sprnn, J. A. AND G. V. GIsss (1974) The crystal structure of

synthetic titanite, CaTiOSiOo, and the domain texture of natural

titanites. EQS, Trans. Am. Geophys. [Jnion,55, 462
- AND - (1976) The crystal structure of synthetic tita-

ni te,  CaTiOSiOr,  and the domain textures of  natural  t i tani tes.
Am Mineral. 61, 238-247.

SueNo, S. ,  J .  J .  P.qptra,  C.  T.  Pnrwrrr  AND G. E.  BnowN (1972)

Crystal structure of high cummingtonite. J. Geophys. Res. 11 ,
5767-5777.

TAyLoR, M. P.  lNn G. E.  BnowN (  t974) High-temperature crystal

chemistry of sphene. E@S, Trans. Am. Geophys. Union,56, l20l.

YouNc, R.  A (1962) Mechanism of  the phase t ransi t ion in quartz.

Report 2569, Air Force Ofice Scientific Research, Washington,

D C .
ZrcHrnresnN, W H. (1930) The crystal structure of titanile. Z.

Kristallogr. 13,7-16.

Manuscript receiued, Augusl 29, 1975; accepted

for publication, February 25, 1976.

447




