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Crystal structure and compressibility of a two-layer polytype of pseudowollastonite (CaSip
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ABSTRACT

The crystal structure of a synthetic two-layer polytype of Cafgeudowollastonite was deter-
mined using single-crystal X-ray diffraction data. It is monoclinic with space ge@ipand unit-
cell parametera = 11.8322(6)b = 6.8624(8)¢ = 10.5297(5) AB = 111.245(8), andV = 796.9(1)
A3, The material is isostructural with two-layer Sr$idd SrGe@and has basic structural features
similar to those found in four-layer CaSif@seudowollastonite, except for the stacking sequence of
layers of Ca@octahedra and &, ternary rings. The compressibility of the structure was measured
up to 9.94 GPa and no phase transition was observed. With increasing pressure, all unit-cell param-
eters decrease nonlinearly with a positive curvature. The axial compression ratios at room pressure
are,Bu:Be = 2.25:2.36:1.00 and the bulk modullfs, is 86(1) GPa with' = 0K/ dP = 3.8(4).

INTRODUCTION nation of the four-layer pseudowollastonite structure by Yang

Pseudowollastonite, the stable form of CaSi©tempera- and Prewitt (1999) suggests that its real symmetry is mono-
tures above ~1125C, is an important phase in experimenta¢"“ic C2/c, rather than triclini€1. Ingrin (1993) investigated
petrology and commonly occurs in slags, cement, and ceraR@lYtypism in CaSiQusing transmission electron microscopy
materials. Its crystal structure is characterized by alternate st®Rd observed the coexistence of two-, four-, and six-layer
ing of layers of ternary (§D) tetrahedral rings and distorted-p()'ytypf'-‘s in the form of lamellae parallel to (001). Trojer (1969)
bicapped Ca octahedra along [001]. A distorted-bicappgﬁterm'”ed the structure ofath_ree-layerCaﬁl@se synthe-
octahedron is formed by eight oxygens, with six of them in &¢ed at 6.5 GPa and 1300. This paper reports the structure
octahedral arrangement plus two from bridging oxygens of tRk & two-layer pseudowollastonite polytype and presents the
SO, ternary ring& one above and one below the octahedrofompressibility data on this phase up to 9.94 GPa.

At high pressure and temperature (~3.0 GPa and 1@)0
CasSiqQ transforms to a walstromite-Il phase (Trojer 1969) and ] ) o
further transforms to perovskite above 10 GPa (Ringwood and” C.gV9.2551:0¢ gel was first prepared from stoichio-
Major 1967; Liu and Ringwood 1975). Owing to different stackl'étric amounts of puratronic CaGMgO, and tetraethy!
ing sequence of octahedral layers and ternary rings, Vari(gggmsmcate for the sypthesns of the Dl-En solid solution. The
polytypes could exist in pseudowollastonite (Yamanaka and Méfied gel was crystallized at 140Q for five days and then
1981; Ingrin 1993). However, because of the difficulties in prepBlixed with KWO, as flux in a weight ratio of 1:1. The mix-
ration of good quality single crystals (Jeffery and Heller 1958iré was heated at 1300 for 24 days and then slowly cooled
Yamanaka and Mori 1981; Matteson 1983; Ingrin 1993; Richi& 1200°C, at which the charge was held for 7 days and quickly
et al. 1998), few investigations have been performed to chard€nched into liquid mercury. Microprobe analysis and X-ray
terize polytype structures in pseudowollastonite. diffractometry re\(ealgd the existence of three dlfferent,.tlrans-

From X-ray precession photographs, Yamanaka and M&@"ent phases: diopside (CaMg3), an unknown K-Mg sili-
(1981) observed three polytypes of pseudowollastonite: a dofffite; and a CaSiphase. The flux apparently reacted with the
nant four-layer phase, plus a six-layer and a disordered striitrting material, resulting in the loss of Mg to the K-Mg sili-
ture. The layers referred to here are composed of one layef@fe and formation of CaMgS}; diopside and the CaSio
ternary rings plus one layer of Ca@tahedra (Yamanaka andphas.e, instead of the intended Di-En solid solution. Thrge
Mori 1981). The six-layer polytype was thought to blgaSchrystals.we.re ana}lyzed and.a}llwere homogeneoug giv-
isostructural with SrGeQdescribed by Dornberger-Schiffind & ngarly stoichiometric composmon '(avgrage of 11 points):
(1962) and Hilmer (1963). For the four-layer polytypeg%-%svs'l-ooso& Based on optical examination, an elongated
Yamanaka and Mori (1981) obtained a triclinic unit cell angingle crystal (0.09 mm 0.06 mmx 0.05 mm) was selected

solved its structure in space groDp. However, a re-determi- for precession photography. It was found to be monoclinic with
possible space groupc or C2/c; no diffuse streaks or other

polytypes were observed. The crystal was then placed on a
*E-mail: yang@gl.ciw.edu Picker four-circle diffractometer equipped with a Mo X-ray

EXPERIMENTAL PROCEDURES
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tube @-filtered) for X-ray diffraction measurements. All ex-tistics significantly. Thus, th€2/c symmetry was adopted for

amined reflections showed sharp peak profiles. Unit-cell paH refinements. Final atomic coordinates and displacement

rameters (Table 1) were determined by fitting the positions parameters are presented in Table 2 and selected interatomic

16 reflections with 20< 28 < 35 following the procedure of distances in Table 3.

King and Finger (1979). After the X-ray diffraction data collection at room pressure,
X-ray diffraction intensity data from a quadrant of reciprothe same crystal used for the structure determination was pol-

cal space with O< 20 < 60° were collected on the basis of thashed to ~0.035 mm in thickness and mounted in a modified

C-centered lattice using scans of 1width in step increments Merrill-Basset diamond-anvil cell for the compressibility mea-

of 0.025 and 2s per step counting time. In order to check surement of the structure. The detailed procedures of the high-

any reflections violated th€-centered symmetry, a data sepressure experiment were similar to those described by Yang

with 0° < 26 < 30° was first collected in a 1s per step countingnd Hazen (1999). No phase transition was detected up to 9.94

time based on the primitive lattice; no such reflections we@Pa. Measured unit-cell parameters as a function of pressure

detected. Digitized step data were integrated by the methodnafre listed in Table 1.

Lehmann and Larsen (1974) with background manually reset

when necessary. Corrections were made for Lorentz and polar- RESULTS AND DISCUSSION

ization effects, and for X-ray absorption by the crystak( Crystal structure of two-layer pseudowollastonite

25.0 cm). The total number of measured reflections was 1056, The CaSi@phase contains two unit layers parallel to (001)
out of which 813 reflections had intensities greater th&n 2, 5 ynit cell, which should be compared to the four-layer
and were included in the structure determination and refingseydowollastonite structure studied by Yamanaka and Mori
ment. Measured reflections confirmed the possible space 9rQ¥Ps1) and Yang and Prewitt (1999). In the two-layer structure,
asCcor C2/c. o _ _ the second layer of ternary rings is displaced one-sixth @f the
Because the E-value statistics of the X-ray intensity da§fnension with respect to the first layer of ternary rings (Fig.
showed that the structure is probably centric, we began sojyy |n the four-layer structure, the first and second layers of
tion of the. structure with space groGg/c. The Structure was ternary rings are stacked directly on top of one another, whereas
solved using program SHELX97 and refined with RFINE9Qpe third layer of ternary rings is displaced one-sixth oftthe
Neutral atomic scattering factors, including anomalous dispgfimension with respect to the second layer. The fourth layer
sion corrections for Ca, Si, and O, were taken from Ibers afk girectly on top of the third layer (Fig. 1b). Note thatahe
Hamilton (1974). Weighting schemes were based on@#(&]  andh axes in the two-layer structure are reversed with respect
+ (pF)’™, wherep is adjusted to ensure that the errors werg those in the four-layer structure. Nevertheless, the two struc-
normally distributed through probability plot analysis (Iberg;reg closely compare in many other aspects. For example, the
and Hamilton 1974). Type Il isotropic extinction correctiona\,eralge Ca-O and Si-O distances are 2.532(2) and 1.624(2) A,
(Becker and Coppens 1975) were applied in the refinemerisspectively, in the two-layer structure and 2.529(1) and
The anisotropic refinement for all atoms converged after Si>.<625(1) A in the four-layer structure; the average Si-O-Si
cycles R, = 0.028 andR = 0.025) and resulted in featurelesgngles within a ternary ring are identical [134. 7)) the two
difference Fourier maps. A model based on@wesymmetry  gir;ctures. Moreover, the CaGctahedra in both structures are
was also attempted, but it did not improve the refinement SE’c‘)'mpressed in thedirection, whereas the Sj@etrahedra are
elongated in the same direction. These similarities give an iden-
tical density of 2.90 g/cfrfor the two structures. Compared to
the average Ca-O bond length in the two- or four-layer
FGr) ath ) B 50 V& pseudowgllastonite, thgt (2.491 A) iln thg three-layer high-pres-
000"  11.8322(6) 6.8624(8) 105297(5) 1LL245@) 796.9(1) sure CaSi@phase (Trojer 1969) is significantly short, account-

010  11.8241(6) 6.8598(8) 10.5273(6) 111.238(4) 795.9(1)  ing for the greater density (3.07 g/Mnof the high-pressure
2.26 11.712855; 6.7830593 10.4839E4; 111.15523; 777.9213 form. The short average Ca-O distance and greater density of
4.03 11.6264(4) 6.7402(8) 10.4510(4) 111.086(2) 764.1(1 ; ‘s A . .
6.20 115152(4) 6.6743(7) 10.4103(3) 110.991(2) 747.0(1) the_hlgh-prfessure phas_e is principally achle_ved through the _dls-
8.22 11.4260(5) 6.6216(9) 10.3790(4) 110.917(3) 733.5(1) tortion of SEO, ternary rings: The average Si-O-Si angle within
9.94 11.3674(5) 6.5853(9) 10.3604(5) 110.879(3) 724.6(1)  gaternary ring is only 123°4n the high-pressure structure, 11

* Data at room pressure were measured without the diamond-anvil cell. smaller than that in the two- or four-Iayer strucuture. Similar

TABLE 1. Unit-cell parameters of two-layer CaSiO; pseudowolla-
stonite at various pressures

TABLE 2. Atomic coordinates and anisotropic displacement factors of two-layer CaSiO; pseudowollastonite

X Yy 4 Bu B2z Bss B2 Bis Bas

Cal 0.0870(1) 0.2403(1) 0.4989(1) 0.0011(1) 0.0035(1) 0.0007(1) 0.0003(1) 0.0001(1) 0.0001(1)
Ca2 0.25 0.25 0 0.0010(1) 0.0058(1) 0.0009(1) 0.0008(1) 0.0003(1) —0.0004(1)
Si1 0.1278(1) 0.4530(1) 0.2445(1) 0.0007(1) 0.0032(1) 0.0005(1) 0.0002(1) 0.0002(1) 0.0001(1)
Si2 0 0.8400(1) 0.25 0.0010(1) 0.0023(1) 0.0006(1) 0 0.0001(1) 0

o1 0.1275(1) 0.4045(2) 0.0965(2) 0.0018(1) 0.0063(3) 0.0009(2) 0.0006(1) 0.0006(1) —0.0001(2)
02 0.2290(1) 0.3991(2) 0.3863(2) 0.0014(1) 0.0080(3) 0.0014(2) 0.0013(2) 0.0001(1) 0.0003(2)
03 0.1109(1) 0.6929(2) 0.2478(2) 0.0014(1) 0.0033(3) 0.0021(2) 0.0001(1) 0.0011(1) -0.0001(2)
04 0.0497(1) 0.9436(2) 0.3939(2) 0.0023(1) 0.0050(3) 0.0010(2) -0.0002(2) 0.0004(1) -0.0010(2)

05 0 0.3592(3)  0.25 0.0013(1) 0.0041(4) 0.0020(3) 0 0.0009(2) O
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TABLE 3. Selected interato_mic distances (A) in two-layer CaSiO, By assuming that all ternary rings _and octahedra in
pseudowollastonite pseudowollastonite were ideal withmBand 3symmetry, re-
Cal-O1 2.622(1) Si1-01 1.592(2) spectively, Yamanaka and Mori (1981) derived 12 possible
821:8; g:g%gg 2:185 iggggg pplytypes, including one two-layer, two four-layer, apd nine
Cal-02' 2.282(1) Si1-05 1.664(1) six-layer structures. This model should also be applicable to
821:82 3%3% Avg 1625 all structural analogs of CaSi@seudowollastonite, such as
Cal-O4 2.609(2) Si2-03 (x2) 1.662(1) SrSiQ and SrGe@phases, as it only deals with ideal polyhe-
Cal-05 2.577(1) Si2-04 (x2) 1.582(2) dra. The symmetry of the two-layer polytype predicted by
Avg 2523 Avg 1.622 Yamanaka and Mori (1982) Bcmm differing from theC2/c
Ca2-01 (x2) 2.308(2) symmetry observed in this study and in SrS#Dd SrGe@
Ca2-02 (x2) 2.661(2) (Machida et al. 1982; Matteson 1983; Nidl§i97a, 1997b).
Ca2-03 (x2) 2.598(2) The failure of the model of Yamanaka and Mori (1981) in pre-
Ca2-04 (x2) 2.591(1) ne : pre:
Avg 2.540 diction of the space group of pseudowollastonite polytypes is

due to the fact that no ideal tetrahedra or octahedra have been
observed in pseudowollastonite-type structures.

Compressibility of two-layer pseudowollastonite
res.ults have been ob_serve_d In Eiéﬁl_(Hfazen etal. 19_99)1 N with increasing pressure, all unit-cell parameters decrease
which the average Si-O-Si angle within a ternary ring in t%nlinearly with a positive curvature:

denserP3 polymorph is 5.5smaller than that (133pin the A) = .
less dense benitoite-tyfR6c2 polymorph. a(A) = 11.8320-0.056®+0.00088%* y=0.9997,

Interestingly the two-layer CaSi@hase reported here is b (A) = 6.8621 —0.034R + 0.00061%* y=0.9996,
isostructural with SrSigstudied by Machida et al. (1982a) and ¢ (A) 10.5300 — 0.022R + 0.0004882 y = 0.9997,
Nishi (1997a) and with SrGe®@y Matteson (1983) and Nishi o _ _
(1997b). However, Machida et al. (1982a) described their b(*) = 111.25-0.0443+0.00067P% y=0.9989,
SrSiQ; structure in space gro@2. Marsh and Herbstein (1983) V(A% = 797.05-9.033B+0.16956*  y=0.9997,
reanalyzed the structure factors of Machida et al. (1982a) basdtereP is in GPa ang is the correlation coefficient. The lin-
on space groug2/c and obtained in a substantial improveear compressibilities of treg b, andc dimensions at room pres-
ment in all categories of refinement statistics, indicating thatre are 0.00473(6), 0.00496(8), and 0.00210(5)GPa
the real space group of the Srg&ructure studied by Machidarespectively, with the axial compression ratiosBgfy:B. =
et al. (1982) should b&2/c, rather tharC2. This conclusion 2.25:2.36:1.00. The greater compressibility of ahendb di-
was confirmed by Nishi (1997a). mensions is a direct consequence of the structure topology and
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FIGURE 1.Comparison of stacking sequence of layers gdSernary rings ing) two- and b) four-layer CaSi@pseudowollastonite. Note
that thea andb axes in the two-layer structure are reversed with respect to those in the four-layer structure. The solid spheres represent Ca
atoms.
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