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Abstract The structural changes associated with the inegard the high-pressure normal structure as a result of
commensurate (IC)-normal (N) phase transition in akeihe elimination of microdomains in the modulated struc-
manite have been studied with high-pressure single-crysre.

tal X-ray diffraction up to 3.79 GPa. The IC phase, stable

at room pressure, transforms to the N phase at

~1.33 GPa. The structural transformation is marked ytroduction

a small but discernable change in the slopes of all unit-

cell parameters as a function of pressure. It is reversiblgermanite, CaMgSi,0,, is an endmember of the
with an apparent hysteresis and is classified as a tricrifireilite group of minerals and usually occurs in igneous
cal phase transition. The linear compressibility of the and metamorphic rocks, meteorites, and blast furnace
andc axes are 0.00280(10) and 0.00418(6) GP®r g|ags. Hemingway et al. (1986) and Seifert et al. (1987)
the IC phase, and 0.00299(11) and 0.00367 (8) GPgecognized that akermanite and iron-akermanite,
for the N phase, respectively. Weighted volume and Prasa, (Fe, Mg) Si0,, exhibit an incommensurate (IC)
sure data, fitted to a second-order Birch-Murnaghagrycture at room temperature with modulations along
equation of state (K=4.0), yield \§=307.4(1) A and [110] and [110] and that they undergo a reversible phase
Ko=100(3) GPa for the IC phase and=\807.6(2) & transition to a high-temperature normal (N) structure at
and K,=90(2) GPa for the N phase. No significant disca. 353 to 523 K, depending on the composition. Since
continuities in Si—0, Mg—O and Ca-0O distances Wefgese studies, the incommensurately-modulated struc-
observed across the transition, except for the-O©1 tyre has also been observed in many other melilites of
distance, which is more compressible in the IC phaggferent compositions (e.g., Réthisberger etal. 1990;
than in the N phase. From room pressure to 3.79 Gghj et al. 1989, 1990, 1991). Because the modulated
the volume of the [Sig] tetrahedron is unchangedstrycture in akermanite is only two-dimensional and sta-
(2.16 A°), whereas the volumes of the [MgDand ple over a wide range of temperature, it has been the
[CaQy] polyhedra decrease from 3.61 to 3.55(Band  sypject of a variety of experimental studies to understand
32.8 to 30.9(2) A respectively. Intensities of satellitethe physical and chemical properties associated with dis-
reflections are found to vary linearly with the isotropig|acively-modulated phases, which include differential
dlsplacemen'g parametr of Ca and the librational ampYcanning calorimetry (Hemingway et al. 1986), adiabat-
tude of the [SiQ)] tetrahedron. Atroom pressure, there ig; calorimetry (lishi et al. 1991; Mizota and lishi 1994),
a mismatch between the size of the Ca cations and fgay, electron, and neutron diffraction (Hemingway
configuration of tetrahedral sheets, which appears to Bgy|. 1986; Seifert et al. 1987; Réthlisberger 1989; lishi
responsible for the formation of the modulated structurgj a1. 1989: Swainson et al. 1992), optical diffraction
as pressure increases, the misfit is diminished througghi etal. 1994), transmission electron microscopy
the relative rotation and distortion of [MgPand [SiQ] (TEM) (Seifert etal. 1987; Rothlisberger 1989; lishi
tetrahedra and the differential compression of individugt 51, 1989), differential thermal analysis (Seifert et al.
Ca-O distances, concurrent with a displacement of @8g7: Rgthlisberger 1989), dilatometry (Webb et al.
along the (110) mirror plane toward the O1 atom. Weg92) 2°Sj nuclear magnetic resonance (NMR) (Merwin
et al. 1989), ultrasonic wave propagation (Li et al. 1990),
Hexiong Yang []) - Robert M. Hazen Robert T. Downs Raman spectroscopy (Sharma etal. 1988), dielectric
Larry W. Finger constant measurements (Shannon etal. 1992) and

Geophysical Laboratory, 5251 Broad Branch Road, NW, EXAFS analyses (Tamura et al. 1996). A review of the
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tions. Using Mdossbauer spectroscopy Seifert etal.
(1987) found that there exist two distinct [(Fe, Mg,)]O
tetrahedral sites in modulated Fe-akermanites and that
the two sites become less distinguishable as temperature
approaches the phase transition critical temperature and
merge into one site in the normal structure. TH8i
MAS NMR spectra measured by Merwin et al. (1989)
demonstrate the existence of three or more nonequivalent
Si sites in incommensurately-modulated akermanite.
Based on the structural refinement of a,ZaGe0O,
melilite that possesses an IC structure at room tempera-
ture, Armbruster etal. (1990) noticed the strong an-
isotropy of several atomic displacement ellipsoids and
suggested the linkage between modulation and the libra-
tions of tetrahedral units about an axis parallelcto
Hagiya et al. (1993) performed a five-dimensional re-
finement of the modulated structure of Co-akermanite
(Ca,CoSiL0,) and concluded that the modulation is
caused by static displacements of the constituent atoms
from their dynamically-averaged positions. Despite in-
tensive studies on the incommensurability in akermanite,
structural details on the IC-N phase transition are still
unclear because of the lack of data at the atomic level.
This paper reports the results of a systematic structural
study of akermanite carried out at pressures below and
above the IC-N transition in order to shed light on the
atomic level structural changes associated with the phase
transformation.

Fig. 1a, b Crystal structure of akermanite at room pressuae:
viewed along[001] andb viewed along[100]. Atomic displace- .
ment ellipsoids are drawn at the 99% probability density level Experimental procedures

Room-pressure X-ray diffraction data measurements
macroscopic and microscopic changes at the IC-N phase

. ; i ; ; llowing the procedure described by Hemingway et al. (1986) for
transition in melilites has been given by Seifert an'(:feir AK 1 sample synthesis, the akermanite sample used in this

Réthlisberger (1993). In general, an incommensuratelyqy was synthesized by melting a stoichiometric mixture of Ca-
modulated phase may be regarded as an intermediagg, MgO, and SiQ compounds at 1500 for 2 hours and slowly
state between an unmodulated structure (in this case, theling to 800°C for 48 hours. The crystal was chosen on the basis

normal akermanite structure) and a commensurate $fjoptical examination and precession photographs. Incidentally,
the course of selecting a suitable single crystal for the high-pres-

“ . ” .|
perstructure (so-called Ioc_k'm phase”) (_e.g., Sal]§1re experiment, we found that significant broadening of diffrac-
1990). Although the modulation wavelength in akermamion profiles resulted when an otherwise good crystal of akerman-
ite has been found to vary with temperature (Seifert et ék was subjected to minimal mechanical force at room tempera-
1987), no experiment has discovered the existence olUEe; such as produced by slightly cutting or polishing. We also

_ s observed the same deterioration of peak profile quality in other
low-temperature superstructure down to 77 K (ROthhgamples provided by G.L. Nord (studied by Hemingway et al.

berger 1989). In fact, no low-temperature SUperstructufége), H.s. Yoder (synthesized hydrothermally), and K. lishi (syn-
has been reported as yet for any of the melilite group tiksized by floating-zone method). By trying different methods,
minerals. we found that crystals crushed in liquid nitrogen show sharpest

ak profiles and minimum diffuse background; a single crystal
The crystal structures of both the IC and N phases %‘? ment (0.1X0.10x0.05 mm in size) was thus selected for the

akermanite are tetragonal and have been described as{fi® pressure study. To ensure the existence of the modulated
same space group4 2 m. They can be characterized bystructure in the selected crystal, a long exposure (001) precession
tetrahedral sheets consisting of JSj] dimers intercon- photograph was taken, which displays a complex set of satellite
nected by tetrahedrally coordinated Mg cations in tHgflections similar to those observed by Hemingway et al. (1986)

: . . d Seifert etal. (1987). A Picker four-circle diffractometer
form of five-membered rings. These sheets lie parallel gﬁuipped with a Mo X-ray tube(filtered) was used for all X-ray

the (001) plane and are linked together al@rtyy large measurements. Unit-cell parameters, determined by fitting the po-
Ca cations in distorted eight-coordinated sites (Fig. Isjtions of 18 reflections from the average structure with 2@6
Kimata and li (1981) refined the structure of a synthetig35 following the procedure of King and Finger (1979), are

. : o : :a=7.8349(4),c=5.0079(4) A andV=307.41(4) A. These val-
akermanite crystal at ambient conditions, but their Wei es agree with those determined by Kimata and li on a synthetic

senberg photographs, possibly due to the short exposkitgrmanite crystal (1981)af7.835(1), c=5.010(1) A and
time, did not reveal the presence of superstructure reflas=307.5(1) A]. Positions and intensities of two strong satellite
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Table 1 Crystal data and other

relevant information on aker- P (GPa) a(A c(A) V(A?) c/a total Refls. R(int) Rw R
manite at various pressures refls. >3 (l)
0.00 7.8338(6) 5.0082(5) 307.35(5) 0.6393 620 210 0.022 0.049 0.041
0.39  7.8261(7) 5.007(6) 306.28(6) 0.6390
0.80 7.8154(4) 4.9919(4) 304.91(3) 0.6387 618 207 0.023 0.042 0.034
0.94 7.8129(5) 4.9889(4) 304.53(4) 0.6385
1.25 7.8071(5) 4.9821(4) 303.66(4) 0.6381 615 209 0.023 0.048 0.040
1.37 7.8046(5) 4.9772(4) 303.17(4) 0.6377 616 215 0.024 0.043 0.035
1.80 7.7937(5) 4.9696(4) 301.86(4) 0.6376 608 211 0.023 0.049 0.041
2.27  7.7792(6) 4.9587(5) 300.08(5) 0.6374
. . 2.78  7.7677(5) 4.9495(4) 298.64(4) 0.6372 605 206  0.022 0.044 0.035
: X-ray intensity data were 359 7.7574(4) 4.9413(3) 297.36(3) 0.6370
collected at these pressures  3.7g 7.7494(5) 4.9328(4) 296.23(4) 0.6365 589 212  0.025 0.051 0.044
: Data were obtained on 4.28  7.7341(5) 4.9215(4) 294.39(4) 0.6363
decreasing pressure
Table 2 Atomic positional and displacement parametexd.(*) of akermanite at various pressures
P (GPa) 0.00 0.80 1.25 1.37 1.80 2.78 3.79
ca «x 3324(2) 3327(1) 3329(2) 3329(1) 3331(1) 3336 (1) 3340(2)
z 5065 (5) 5063 (4) 5065 (5) 5056 (4) 5053 (4) 5050 (4) 5050 (5)
By, 81(2) 68(2) 57(2) 56(2) 55(2) 48(2) 42(2)
Bas 141 (9) 127(8) 127(9) 137(7) 110(9) 113(8) 112(9)
By 49(2) 35(2) 25(2) 24(2) 21(2) 17(2) 16(2)
13 8(3) 9(2) 5(3) 5(2) 10(3) 7(2) 6(3)
Biso 1.80(7) 1.53(6) 1.34(6) 1.37(5) 1.26(5) 1.15(5) 1.04(5)
Mg B, 37(4) 27(3) 22(3) 27(3) 24(3) 20(3) 19(4)
Bas 200(21) 157(17) 166(20) 165(16) 136(19) 147 (17) 138(21)
Biso 1.27(9) 0.95(9) 0.90(9) 0.98(8) 0.83(9) 0.81(8) 0.76(9)
S x 1396 (2) 1398(2) 1398(2) 1403 (2) 1404 (2) 1405 (2) 1406 (2)
z 9358 (5) 9354 (4) 9354 (5) 9343 (4) 9346 (5) 9348 (5) 93544 (5)
By, 32(3) 32(2) 32(2) 34(2) 32(2) 29(2) 26 (3)
Bas 122(12) 82(10) 57(11) 62(9) 80(13) 61(10) 38(12)
12 5(3) 5(3) 9(3) 6(3) 1(3) 3(3) 5(3)
13 6(3) 5(2) 2(3) 3(2) - 103 - 103 - 203
Biso 0.93(7) 0.79(7) 0.71(6) 0.75(6) 0.78(6) 0.66(5) 0.53(6)
01 =z 1799 (239 1827(19) 1857(22) 1839 (20) 1838(23) 1837(19) 1835(23)
By, 104(11) 96(10) 70(10) 62(8) 72(10) 77(10) 62(11)
Bas 130(53) 60 (45) 86 (49) 156 (46) 92(50) 50 (43) 74(53)
) — 72(15) - 33(15) - 34(15) — 49(13) 42(15) — 46(14) - 29(15)
Biso 2.1(3) 1.8(3) 1.4(2) 1.5(2) 1.5(2) 1.4(2) 1.2(2)
02 «x 1407 (6) 1403(6) 1402 (6) 1404 (5) 1404 (6) 1399 (6) 1396 (6)
z 2529(17) 2561 (14) 2570(17) 2551 (14) 2558 (16) 2844 (14) 2601(18)
By, 90(8) 81(8) 60(8) 69(7) 59(7) 58(7) 50 (8)
Bas 197 (40) 136 (30) 206(36) 184 (30) 152 (34) 168(31) 217 (40)
) 54(11) 22(11) 25(11) 20(10) 21(11) 5(10) 15(11)
1a — 11(12) - 14(9) - 18(11) - 12(9) — 13(10) - 23(10) - 17(12)
Biso 2.1(2) 1.8(2) 1.7(2) 1.7(2) 1.5(2) 1.5(1) 1.5(2)
03 x 798(7) 813(7) 814(7) 813(6) 813(7) 820(6) 822(7)
y 1862 (6) 1852 (6) 1849 (6) 1857(5) 1853 (6) 1848 (6) 1839 (6)
z 7856 (11) 7834(11) 7828 (13) 7841(10) 7819(12) 7799 (11) 7783(12)
By, 152(9) 114(9) 90(9) 93(7) 81(8) 70(7) 62 (8)
Bas 57 (7) 59(7) 38(7) 25(6) 32(7) 35(6) 22(7)
- 164 (26) 111(21) 164 (27) 136(20) 105 (21) 127 (20) 134(25)
= — 12(8) — 21(8) - 7(8) EO) - 12(7) - 87 )
s 32(12) 37(10) 40(12) 30(10) 24(11) 27(10) 21(11)
”s - 14(11) - 10(10) - 2(11) - 4(9) — 22(10) - 19(10) - 16(11)
Biso 2.3(2) 1.8(1) 1.6(1) 1.4(1) 1.3(0) 1.3(1) 1.1(1)

Note: The following constraints apply to some atomic positiondlhe following constraints apply to some atomic anisotropic dis-

parameters: 30.5—x for Ca, Si, and 02; xy=z=0 for Mg;

x=0.5, y=0 for O1.

placement parameter§;,=p,, for Ca, Mg, Si, 01, and O B,5,=

B,sfor Ca, Si,and O 23,,=B,5=B.s=0for Mg; B,,=B,s=0forO1
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Table 3 Selected bond dis-
tances (A in akermanite at F’(GF’a) 0.00 0.80 1.25 1.37 1.80 2.78 3.79

various pressures

Ca-01 2.475(8) 2.455(6) 2.438(7) 2.442(7) 2.437(7) 2.423(6) 2.413(8)
Ca-02 2.475(6) 2.466(5) 2.462(5) 2.464(4) 2.459(5) 2.453(5) 2.449(5)
Ca-02[x2] 2.707(5) 2.689(4) 2.683(4) 2.687(4) 2.681(4) 2.660(4) 2.644(5)
Ca-03[K2] 2.427(6) 2.407(6) 2.405(6) 2.408(5) 2.400(6) 2.386(5) 2.376(6)
Ca-03[x2] 2.685(6) 2.682(6) 2.676(6) 2.675(5) 2.666(6) 2.654(5) 2.647(6)

Mg—-03[x4] 1.916(5) 1.915(5) 1.913(5) 1.913(4) 1.914(5) 1.911(5) 1.906(5)

Si-01 1.652(4) 1.654(4) 1.657(4) 1.657(4) 1.656(4) 1.651(4) 1.649(4)
Si-02 1.588(9) 1.601(7) 1.602(8) 1.597(7) 1.596(8) 1.602(7) 1.602(9)
Si-03[x2] 1.627(5) 1.630(5) 1.631(5) 1.617(4) 1.623(5) 1.624(5) 1.629(5)

Table 4 Selected interatomic angley @nd cation polyhedral parameters in akermanite at various pressures
P (GPa) 0.00 0.80 1.25 1.37 1.80 2.78 3.79

03-Mg-03[x4] 108.3(2) 108.6(2) 108.7(2) 108.4 (1) 108.7(2) 109.0(2) 109.2(2)
03-Mg-03'[x2] 111.8(3) 111.3(3) 111.1(4) 111.6(3) 111.0(3) 110.5(3) 110.0(3)

01-Si-02 111.0(4) 111.1(3) 111.5(4) 110.8(4) 110.8(4) 110.6(3) 110.5(4)
01-Si-03 K2] 101.2(3) 101.7(3) 101.5(3) 101.7(3) 101.5(3) 101.5(3) 101.5(3)
02-Si-03 K2] 117.3(2) 117.7(2) 117.7(2) 117.5(2) 117.9(2) 118.3(2) 118.6(2)
03-Si-03 105.0 (4) 104.7 (4) 104.6 (4) 105.3 (4) 104.9 (4) 104.2 (4) 103.7 (4)
Si—-01-Sf 138.9(8) 138.2(6) 137.3(7) 138.4(7) 138.4(8) 138.4(6) 138.3(8)
02-01-02 71.4(4) 70.6(3) 70.1(4) 70.7(3) 70.6(4) 70.2(3) 69.9 (4)
03-01-03 118.1(3) 118.5(3) 118.6(3) 118.6(2) 118.5(3) 118.7(2) 118.6(3)
Si—-03-Mg 118.3(3) 117.7(3) 117.6(4) 118.1(3) 117.4(3) 116.9(3) 116.4(3)
[SiO,] V(A?) 2.16(1) 2.18(1) 2.18(1) 2.15(1) 2.16(1) 2.16(1) 2.16(1)
QF 1.012(5) 1.012(5) 1.013(6) 1.012(5) 1.013(6) 1.014(5) 1.015(6)
A 52(1) 56 (1) 58(1) 54(1) 58(1) 62(1) 65(1)
[MgO,] V (A3) 3.61(1) 3.60(1) 3.59(2) 3.59(1) 3.59(1) 3.58(1) 3.55(1)
QE 1.001 (1) 1.000 (1) 1.000 (1) 1.001 (1) 1.000 (1) 1.000(1) 1.000 (1)
A/ 3.6(2) 2.1(2) 1.8(2) 3.0(2) 1.6(2) 0.9(1) 0.4(1)
[CaQ,] V (A3) 32.84 32.25 32.00 32.11 31.85 31.28 30.90

* QE — quadratic elongatiori} AV — angle variance (Robinson etal. 1971)

reflections selected from the precession photograph were meaents. Final R and R factors are 0.031 and 0.024, respectively.
sured immediately after the unit-cell determination. Indexed basédtomic positional coordinates and displacement parameters are
on the unit-cell vectors of the average structure, these two satell@eilable from the first author upon request).
reflections have hkl values of 2.72 4.28 0 and 2.72 7.72 0, respec-
tively, and their corresponding modulation wavevectors are
k,=0.28 (—a+b) andk,=0.28 (—a—b), respectively. High-pressure X-ray diffraction data measurements

X-ray intensity data from one octant of reciprocal space with
0°=20=60 were collected using scans of 1width in step incre- After the X-ray intensity data collection at room pressure, the
ments of 0.025 and 3-s per step counting time. Two standardrystal was mounted in a Merrill-Bassett diamond-anvil cell with
reflections were checked every 5 hours; no significant or systematmixture of 4:1 methanol: ethanol as the pessure medium. Four
ic variations in intensities of the standard reflections were olsmall (~10um) ruby chips were included as the internal pressure
served. Digitized step data were integrated by the method of Ledalibrant (Hazen and Finger 1982), from which pressure was de-
mann and Larsen (1974) utilizing an option to manually resé&rmined from the average position of thelRser-induced fluores-
backgrounds when necessary. Corrections were made for Lorec¢énce peaks, with an error of approximately 0.05 GPa. The fixed-
and polarization effects, and for X-ray absorption by the crystalode of data measurement (Finger and King 1978) wadayegd
(u=22.88 cm*). The total number of measured reflections wathroughout the high-pressure experiments to maximize reflection
563. After symmetry equivalent reflections were averaged in Laaecessibility and minimize attenuation by the diamond cell. Lat-
group 4mmm (R,,=0.013), there were 284 reflections with Itice constants were determined using the same method as de-
>30 (1), whereo (1) is the standard deviation determined from thecribed for the room-pressure experiment. The two satellite reflec-
counting statistics. tions measured after the unit-cell determination at each pressure

The initial structural model of akermanite was taken from Kibecame undetectable as pressure was increased from 1.25 to
mata and li (1981). Least-squares refinements were performe@7 GPa. After the intensity data collection at 3.78 GPa, the pres-
using an updated version of RFINE 4 (Finger and Prince 1975), $ure of the crystal was gradually released to check the reversibility
the space group 4 2 m. Neutral atomic scattering factors, includ-of the phase transition; the satellite reflections reappeared be-
ing anomalous dispersion correction for Ca, Mg, Si, and O, weteeen 1.18 and 0.94 GPa. Next, the pressure was raised to
taken from Ibers and Hamilton (1974). Weighting schemes we#e57 GPa. Some of the peak profiles of reflections used to deter-
based on W:[o?(F)+(pF)?] %, where p is adjusted to ensure thamine the unit-cell dimensions became considerably broadened
the errors were normally distributed through probability plot anaknd/or were composed of two or more peaks at this pressure. After
ysis (Ibers and Hamilton 1974). Type Il isotropic extinction corthe complete release of pressure, the quality of the crystal did not
rections (Becker and Coppens 1975) were applied in the refinecover.
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X-ray intensities of the average structure were collected for all 1200

T T T 1 T T T T
accessible reflections in a hemisphere of reciprocal space with | i
0°=26=60°. For better comparison with high-pressure data we IC|N
collected another set of room-pressure X-ray intensity data while 1000 {
the crystal was mounted in the diamond-anvil cell. The experimen- @ 1 <—1—— (272 4.28 0)
tal procedures for X-ray data collection, reduction, and structure '@ goo
refinements were similar to those described above for the data @ ] E
collected in air; in addition, corrections were made for absorption £ E
by the diamond and beryllium components of the pressure cell. £ 600 - f
Unit-cell dimensions and final refinement statistics are given in @ ] i%_____ (2.72 7.72 0)
Table 1; atomic positional and displacement parameters are listed ¢§ 400 -
in Table 2; selected interatomic distances and angles are presented | ii }
in Table 3 and 4, respectively.
200 - [,
B, §,.85, 8,5, 5.8
1 1 1 ] 1 ] 1 1 1
Results and discussion 0 0 1 > 3 4

Satellite reflections P (GPa)

2 Pressure dependence of the intensities of satellite reflec-

The modulation wavelength in akermanite and othgbgns (2.72 4.28 0) and (2.72 7.72 0)

melilite minerals has been found to increase with in-
creasing temperature (Seifert and Roéthlisberger 1993).
However, we did not observe significant variation of thand dilatometry (Webb et al. 1992), but not by calori-
modulation wavelength with pressure: it remainsietric measurements (Hemingway et al. 1986; Mizota
~19.78 A(the d-spacing of the modulation wavevectond lishi 1994).

between room pressure and 1.25 GPa. This value is com-

parable with modulation wavelengths of 19. 86eport-

ed by Seifert etal. (1987) and 19. 73by lishi etal. Unit-cell parameters

(1989) for synthetic akermanite. However, satellite in-

tensities, which are proportional to the modulation anvariations of unit-cell dimensions with pressure are plot-
plitude, were found to decrease monotonically with irted in Fig. 3. The IC-N transition at~1.31 GPa is
creasing pressure with the rate of decrease becomimgrked by a small but discernible change in the slopes
greater as the IC-N transition pressure was approacHedall the plots, showing that theeaxis in the N phase is
(Fig. 2). From 1.25 to 1.37 GPa, the satellite intensitiedightly more compressible than in the IC phase, whereas
became undistinguishable from the background and tbec axis in the N phase is less compressible than in the
mained undetectable at higher pressures. Our obsem@phase. The linear compressibilities of #thandc axes

tion of the variation of satellite intensities with pressurare 0.00280 (10) and 0.00418 (6) GP#or the IC phase,

is similar to that made by Hagiya et al. (1993) on Caespectively, and 0.00292(11) and 0.00367 (8) Gfar
akermanite as a function of temperature using synchtte N phase, respectively. As a result, there is a notice-
tron radiation. However, Hemingway et al. (1986) andble change of slope in the plotofavs. pressure, which
Seifert et al. (1987) found by in-situ TEM measurements steeper for the IC phase. The axial compression ratios
that some very diffuse and weak relic intensities of satedlfea:c=1:1.45 for the IC phase and 1:1.26 for the N
lite reflections were still visible on overexposed diffracphase. These results imply a change in the compression
tograms above the phase transition temperature. The i@echanism in akermanite at the transition. Note that a
N transition pressure was determined to b&.33 GPa sudden change has also been detected in the thermal ex-
by a fit of the data to a Landau free energy expansiopansivity of akermanite and Co-akermanite at the transi-
which is considerably lower than that (.78 GPa) ex- tion temperatures, particularly in that of tbeimension
trapolated from data obtained by Roéthlisberger (1988Hemingway et al. 1986; Webb et al. 1992; Brown et al.
using high-pressure differential thermal analyses up 1894). Weighted volume and pressure data fit to a sec-
0.5 GPa. ond-order Birch-Murnaghan equation of state4.0)

The positions and the peak widths of satellite reflegield \,=307.4 (1) ~ and Ky=100(3) GPa for the IC
tions that reappeared between 1.18 and 0.94 GPa onphase and ¥307.6(2) & and Ko=90(2) GPa for the N
release of pressure were essentially unchanged cgrhase. The bulk modulus for the IC phase obtained in
pared to those that were originally measured at incredbis study is slightly larger than that (94.4 GPa) deter-
ing pressures. Together with the unit-cell parameters dained by Li et al. (1990) using the ultrasonic phase com-
termined at 0.94 GPa, which conform to the trends dparison method at ambient conditions.
fined by the unit-cell parameters determined as pressure
was raised, the IC-N transition in akermanite was ascer-
tained to be reversible with an apparent hysteresis. T&&uctural variations with pressure
hysteresis effect associated with the IC-N transition in
akermanite has also been detected by differential thé«troom pressure, atomic displacement ellipsoids for Si
mal analysis at high temperatures (Seifert et al. 1983)d Mg are relatively small and spherical, whereas those
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Fig. 3 Variations of unit-cell parameters with pressure
for Caand O (O1, 02, and O3) are considerably larger 0.22 T T
and highly anisotropic with the longest axes of the ellip- 020 IC| N o
soids lying approximately in the (001) plane (Fig. 1), ) A 2
demonstrating the strong positional disorder of these << (154 - -
atoms in the plane. Similar results were found by Arm- 2 ; ¢ Iso
bruster et al. (1990) from the refinement of the average £ 0.16 - -
structure of C&ZnGe,0, melilite. Independent evidence & 1
for strong positional disorder of Ca has also been ob- g %7 : ? "
tained by Shannon et al. (1992), who attributed the un- © ., | [ 3
usually large dielectric constants of $&gSi,O,, é ]
Ca,C0S1,0,, and CaZnSi,O, melilites to a “rattling” ef- 0.10 4 o of g
fect of the Ca cation in the structure. 1 d
Finger and King (1978) have demonstrated that pres- ~ 0-08 ——
sure has a small, but possibly measurable, effect on the P (GPa)

atomic isotropic displacement factors {B; for NaCl

they predicted a~ 6% reduction in the B, factors for Na frig. 4 Root-mean-square displacements (RMS) of Ca as a func-
and Cl from room pressure to 3.2 GPa, which agrees wiitin of pressure

the measured reduction of 10% (+5%). However, we

observed a more pronounced decrease in all atorgic B

parameters in the IC phase of akermanite. All atomig Bgreat decrease in its positional disorder. It also suggests
values decrease by more than 20% between room presat the large displacement ellipsoid of Ca at ambient
sure and 1.25 GPa (Table 2). The anisotropy of atondonditions likely results principally from atomic static
displacement ellipsoids for O and Ca also decrease alsorder, rather than the large, anisotropic thermal vibra-
preciably with increasing pressure, especially for Gans. Furthermore, pressure appears to have a stronger
(Fig. 4). The significant decrease in the size and aimfluence on atomic displacement parameters for the IC
isotropy of the displacement ellipsoid for Ca indicatesstructure than for the N structure (Fig. 4).
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Analysis of the Raman spectra of akermanite (Sharmames more distorted at higher pressures, as shown by
et al. 1988) suggests that the vibrational characteristite tetrahedral angle variance (TAV) (Robinson et al.
in the structure are strongly affected by the,[$i sili- 1971) (Table 4). In contrast, the [Mg{tetrahedron be-
cate group, and not by the sheet-like structure intercotemes more regular at elevated pressures owing to the
nected by [MgQ] tetrahedra, and that the silicate unithange in theO3-Mg—03 angle and approaches a
acts as a librationally isolated entity. To gain insight intnearly ideal geometry at 3.79 GPa. Within the experi-
the relationship of the [Sif] tetrahedral libration with mental uncertainties the volume of the [S]@etrahe-
the IC-N transformation, we applied rigid-body thermadron (~2.16 A3) is unaffected by pressure up to
vibration analy5|s to the determined displacemeBt79 GPa, whereas that of the [MglQetrahedron de-
parameters using the program THMA14 (Truebloocreases from 3. 61(1)3Aat room pressure to 3. 55(1)3A
1978). The results show that (i) the amplitude of that 3.79 GPa. The calculated linear bulk modulus for the
largest libration eigenvalué.(,) decreases considerablyfMgQO,] tetrahedron is 250 (31) GPa.
from room pressure to 1.25 GPa, but remains virtually At room temperature, Ca in akermanite is eight-coor-
unchanged for the N phase between 1.37 and 3.79 Gitaated with four closer O atoms (one O 1, one O2, and
(Fig. 5), and (ii) the principal libration axis of the [SjD two O 3) at a distance of 2.45 Aand four farther ones
group is approximately parallel throughout the stud- (two O2 and two O 3) at a distance 0f~2.70 A the
ied pressure range. The librational motion of the [§iOmean Ca—-O distance of 2. 574 considerably larger
group alonge, which lies on the (001) plane between twohan the typical Ca—O distance of 2. 50calculated
[CaQy] polyhedral layers, primarily involves the over{from ionic radii (Shannon 1976), as also noted by Ki-
bonded, bridging O1 atom and the charge-balancadata and Ohashi (1982). The bond valence calculated for
bridging O3 atom. Because such a librational motio@a is only 1.662 (Brown 1981), indicating that Ca is
requires minimal out-of-plane tilting of the [Sj{tetra- substantially underbonded in the structure. With increas-
hedron and compression of the [CAPolyhedral layers, ing pressure all Ca—O distances decrease nearly linearly,
it is energetically the easiest and thus the largest.  except the @—0 1 disance, which shows a greater rate

No significantly abrupt changes in Si—O and Mg- ©f decrease for the IC phase than for the N phase, espe-
bond lengths were observed across the IC-N transitianally in the plot of its component along(Fig. 6). Be-
Within the experimental errors the Si—O bond lengthsveen room pressure and 3.79 GPa tlee-© 1 disance
are constant, whereas the Mg—0 distance compresdesreases most (2.5%) and tha-d02 disance least
only by about one standard deviation. In the pressuf®.1%). The largest decrease in tha-00 1 disance is
range of the experiment the rigid behavior of the Si—@artially due to the significant displacement of Ca to-
bond is expected, considering its bond strength and thward O 1 along the (110) mirror plane (Table 2). There is
flexibility of the structure. Similar results have also beea linear relationship between the [Cd@olyhedral vol-
reported for other layer silicate minerals (Hazen and Finme and the unit-cell volume (Fig. 7), suggesting that the
ger 1978a). Individual O-Si—0O angles within théigh-pressure behavior of the [Cg®@olyhedron is a ma-
[SiO,] tetrahedron, however, respond to pressure diffgor factor controlling the compression of the akermanite
ently: while theO1-Si—02 and O1-Si—0&ngles re- structure. The volume of the [CgPpolyhedron com-
main unchanged up to 3.79 GPa, 1B —-Si— 0O 3angle presses by as much as 5.9% between room pressure and
increases slightly from 117°8) to 118.68(2) and the 3.79 GPa, yielding a bulk modulus of 65 (4) GPa. Com-
03-Si—03 angle decreases from 105(@) to paredtothe bulk modulidetermined forthe [Gipoly-
103.7(4). As a consequence, the [Si@etrahedron be- hedronin diopside (101 GPa) (Levien and Prewitt 1981),
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fassaite (90 GPa) (Hazen and Finger 1977), and grosHwe transition is characterized by a sharype peak
lar (115 GPa) (Hazen and Finger 1978Db), the bulk moud4th no sign of hysteresis, a typical feature of the second-
ulus of the [Ca@)] polyhedron in akermanite is substanerder phase transition. Similar results were obtained by
tially smaller, which can be attributed to the longer medishi et al. (1991) and Mizota and lishi (1994) on aker-
Ca—0 distance in akermanite at room pressure than thanite solid solutions, (Ca, S{Mg, Co, Zn, Fe) Si0,,
typical Ca—O distance. leading them to conclude that the transition is of second-
For layer silicate compounds, such as phlogopite andder. On the other hand, Webb et al. (1992) reported
chlorite, Hazen and Finger (1978a) demonstrated ththat the IC-N transition in akermanite is associated with
compression within the layers is restricted by tha hysteresis effect and a finite unit-cell volume change
strength of the polyhedral sheets, whereas that perpand thus designated the transition as “weakly first-or-
dicular to the layers is determined by the interlayer wealler”. Although we did not observe any significantly
er bonds. Similar conclusions can be drawn here. In akemacroscopic or microscopic discontinuities across the
manite, the Si—O and Mg-0 bonds are nearly rigidC-N transition, our measurements of the intensities of
hence, compression along tha axis is primarily the satellite reflections as a function of pressure indicate
achieved through changes in interatomic angles withihe presence of an apparent hysteresis effect associated
the tetrahedral sheets, such agMO 3—Si, O 3—Si—0 3 with the structural transformation, a characteristic of a
and O3-Mg-0 3, all ofvhich decrease with increasingirst-order phase transition that requires some energetic
pressure (Table 4). There is a sudden change in the raterstepping to initiate the transition.
of decrease for some interatomic angles at the transitionSince no symmetry change is involved at the IC-N
pressure. For example, ti@®3—Si—O 3angle decreasestransition in akermanite, there are no restrictions im-
at arate 0of~0.33/GPa for the IC phase, but at a rate gposed by Landau theory on the order of the transition: it
—0.66/GPa for the N phase. The different behavior afould be of first- or higher order. However, a plot of
interatomic angles within the tetrahedral sheets bel@guared integrated intensities of satellite reflectiogk (I
and above the transition could account for the slightBgainst pressure (P) clearly indicates thgt (R,—P)
larger compressibility of tha axis in the N phase rela- (Fig. 8), where Pis the observed phase transition pres-
tive to that in the IC phase. On the other hand, becausgre. Becauseis generally proportional to the square of
the relatively compressible [CgPpolyhedra are inter- the order parameter,AgBruce and Cowley 1981), this
leaved by more rigid tetrahedral sheets al@nthe be- suggests that the IC-N transition in akermanite is most
havior of the Ca—0O bonds at high pressure dominates fiely to be tricritical since it implies @ (R,—P) with
compressibility of the structure in thedimension. Ac- B=1/4, a characteristic value derived from Landau theo-
cordingly, thec axis always compresses more than éhery to describe phase transitions that are between continu-
axis. The less compressibteaxis of the N phase com-ous and discontinuous (e.g., Salje 1990). The critical
pared to that of the IC phase can be explained by tphase-transition pressure)fRstimated from the above
evident change in the compressibility of tha€0O1 relationship is~1.33 GPa.
bond alongc. As mentioned earlier, the mean Ca—-0 distance in
akermanite at ambient conditions is considerably larger
Order and mechanism of the IC-N phase transition ~than that estimated from the sum of ionic radii (Shannon
1976). This observation suggests that the interlayer Ca
The order of the IC-N phase transition in akermanite haation is too small relative to the square antiprismatic site
been a matter of controversy. On the one hand, calorimfgrmed by two five-membered rings. In other words,
ric measurements of Hemingway et al. (1986) show thidtere is a misfit between the sandwiched Ca cations and
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the geometry of the tetrahedral sheets at room pressure; 1200 7= L
hence, the tendency for tetrahedral sheets to form an ] 2.72 4.28 0)
adequate interstice for Ca should be responsible for the 1000 1
formation of the N structure. To reduce the mismatch § ] \
while still maintaining thePZ4 2 m symmetry, the struc- g 8007 o
ture responds in two different ways: (1) increasing the 2 1
degree of the Ca static positional disorder, giving rise to g 600 1
a large and strongly anisotropic displacement ellipsoid, 3 1
and (2) allowing some sort of distortion of the tetrahe- § 400 -
dral sheets. Because of the relatively rigid-body charac- 178 N
ter of the [SiQ] unit, the distortion of the sheets is main- 200 + 272 7.72 0)
ly confined to the libration of the tetrahedron in the (001) 1 S
plane, resulting in a large amplitude of the tetrahedral 0 B —
librational motion. However, owing to the odd number of 1814 15 16 1718 19
tetrahedra in a ring, such a distortion cannot be realized Biso(A")
by simple counterrotation of individual tetrahedra within 1290 T T T
only a single unit-cell of the normal structure; conse- ] (272 4.28 0)
quently, the incommensurately-modulated structure re- 10007 B
sults from the formation of microdomains. Two mi- 3 ] \
crodomain models for the formation of the IC structurein @ 800 1
melilites have been proposed so far: one by Van Heurck £ |
etal. (1992) based on electron microscopic and diffrac- @ 800 7
tion studies on CZnGeO, melilite, and the other by g ]
Mizota and lishi (1994) based on heat-capacity measure- ¢ 400
ments on the (Ca, Sx{Mg, Co, Fe, Zn) SiO, solid solu- ] /
tions. Given the entropy associated with the IC-N transi- 200 - 272 772 0
tion (AS), the average domain size in modulated melilites (272 7.72 0)
can be estimated from the statistical model of Mizota and 0% T T 20
lishi (1994):
hi4(deg?)

AS=(R/2n)Inm,
where n and m are the unit cell dimensions (as multipﬁérg

value of the subcell dimension) of a mean superlattice fg§nal eigenvaluex( ,) of the [SiQ] tetrahedron

the IC phase, and R is the gas constant. For akermanite,
the AS values reported by Hemingway et al. (1986) and
Mizota and lishi (1994) are 1.9 and 1.6(Kmol), re-

ig. 9 a Satellite intensities vs. the isotropic displacement para-
eter (B,,) of Ca andb satellite intensities vs. the largest libra-

transformation. In fact, these two factors are linearly

spectively; thus the estimated average domain size is seupled, as shown in Figure 9. At a sufficiently high
tween 3x3 and 4x3 subunit cells. A random distributionpressure £1.33 GPa in this study) the mismatch be-

of domains with X4 subcells would then yield a modu-tween Ca cations and tetrahedral sheets is eliminated,;
lation wavelength of 3.46 (in units of the unit cell of thénence, the microdomains in the modulated structure are
normal structure), which is close to the value of 3.5minimized and a high-pressure normal structure occurs.
observed in this study. The hysteresis effect observed during the release of pres-
With increasing pressure, the misfit between the isure may result from the formation of microdomains
terlayer Ca cations and the configuration of the tetrahigem the normal structure, which would require some
dral sheets is diminished through the relative rotation aerdtra energy to overcome strain induced by the misfit
distortion of individual tetrahedra and the differentiabetween Ca cations and tetrahedral sheets.
compression of Ca—0O distances, as well as the displace-The above discussion suggests that the mechanism of
ment of Ca along the (110) mirror plane toward the Othe IC-N transition induced by increasing pressure is dif-
atom. Accompanied with these structural modificatiorferent from that induced by increasing temperature. The
is the great reduction of the positional disorder of Ca amdbrmal structure at high temperature has been consid-
the librational amplitude of the [SiQunit, which inturn ered as a consequence of the dynamic averaging of mi-
results in the decrease in intensities of satellite reflecrodomains in the modulated structure (Van Heurck
tions and thus the amplitude of modulation. Figure &t al. 1992). The dynamic nature of the normal phase at
illustrates such relationships: the satellite intensitigsgh temperature has been directly confirmed by
vary linearly with the isotropic displacement parametdidssbauer spectroscopic measurements of Fe-akerman-
of Ca and the librational amplitude of the [Si@etrahe- ite (Seifert etal. 1987). At room temperature the IC
dron. Therefore, the changes in the Ca positional disgrhase exhibits two distinct environments containing
der and the librational amplitude of the [Si§@roup can (Mg+Fe); the difference between these two sites be-
be regarded as the primary driving force for the IC-Mome gradually less pronounced with increasing temper-
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ature and indistinguishable above the IC-N transitidighi K, Mizota T, Fujino K, Furukawa Y (1991) Heat capacity

; ; _anomalies atincommensurate-normal transition of akermanite
temperature. Further ewdenpe f(_)r the dynamic averag solid solution (Ca, Se\Mg, Co, Zn, Fe)Si0.. Phys Chem
ing of microdomains resulting in the normal phase \jinerals 17:720-725

comes from th&°Si MAS NMR study by Merwin et al. lishiK, Hagiya K, Ohmasa M (1994) Circular diffuse scattering of
(1989). Spectra on the modulated akermanite at 298 K akermanite studied by the optical diffraction method. Phys
consist of 3 or 5 peaks, indicating the existence of 3 tog Chem Minerals 21:6-11

nonequivalent Si sites in the structure; at elevated te 'U}fgaéﬂa;,\lws(izl&gl,\), Eﬁeh;igyjﬁg{ i},[)“n";t‘;ﬁ gggﬁt{]ﬂ'g akerman-

peratures these Pe?-ks merge into a single, sharp peaki@hta M, Ohashi H (1982) The crystal structure of synthetic
380 K, characteristic of the normal structure. gugiaite, CaBeSi,Q,. N Jb Mineral Abh 143:210-222
King HE, Finger LW (1979) Diffracted beam crystal centering and
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