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Acoustic attenuation dueto transformation twinsin CaCl,: analogue behaviour for
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ABSTRACT

CaCb undergoes a tetragonaP4,/mnm) to orthorhombic Pnnm) transition as a
function of temperature which is essentially theasas occurs in stishovite at high pressures.
It can therefore be used as a convenient analogueria for experimental studies. In order
to investigate variations in elastic propertiesoagged with the transition and possible
anelastic loss behaviour related to the mobilityesfoelastic twin walls in the orthorhombic
phase, the transition in polycrystalline CaGas been examined using resonant ultrasound
spectroscopy (RUS) at high frequencies (0.1-1.5 MiHzZhe temperature interval 7-626 K,
and dynamic mechanical analysis (DMA) at low frewgies (0.1-50 Hz) in the temperature
interval 378-771 K. RUS data show steep softenihghe shear modulus as the transition
temperature is approached from above and subdtatiastic dissipation in the stability
field of the orthorhombic structure. DMA data shewftening of the storage modulus, which
continues through to a minimum ~20 K below the sion point and is followed by
stiffening with further lowering of temperature. @k is no obvious acoustic dissipation
associated with the transition, as measured by, taowever. The elastic softening and
stiffening matches the pattern expected for a psguager ferroelastic transition as predicted
elsewhere. Acoustic loss behaviour at high freqiesnéits with the pattern of behaviour

expected for a twin wall loss mechanism but witlaxation times in the vicinity of ~10s.
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With such short relaxation times, the shear modafuSaC}, at frequencies corresponding to
seismic frequencies would include relaxations ef thin walls and is therefore likely to be

significantly lower than the intrinsic shear modalif these characteristics apply also to twin
wall mobility in stishovite, the seismic signatuoé the orthorhombic phase should be an

unusually soft shear modulus but with no increasattenuation.

Keywords. pseudoproper ferroelastic phase transition, feastel twin walls, stishovite,

CaClb, acoustic attenuation

1. Introduction

The high pressure phase transition in stishovit®4$between tetragonalP4,/mnm)
and orthorhombicRnnm) structures, has attracted a great deal of rezitemtion both from
its intrinsic interest in terms of physical propest related to pseudoproper ferroelastic
behaviour (Tsuchida and Yagi 1989; Matsui and Tgukie1992; Cohen 1992, 1994; Lacks
and Gordon 1993; Mao et al. 1994; Kingma et al.5194996; Lee and Gonze 1995, 1997,
Dubrovinsky and Belonoshko 1996; Karki et al. 1987aAndrault et al. 1998, 2003;
Carpenter et al. 2000; Ono et al. 2002a; Carp&i@6; Hemley et al. 1994, 2000a,b; Akins
and Ahrens 2002; Shieh et al. 2002, 2005; Cordteale 2004; Tsuchiya et al. 2004;
Lakshtanov et al. 2007b; Togo et al. 2008; JiangleR009; Bolfan-Casanova et al. 2009;
Driver et al. 2010) and because these might halieeat influence on the seismic properties
of subducted oceanic slabs (e.g. Kaneshima andrideI2010; Vinnik et al. 2010; Nomura et
al. 2010). From a geophysical perspective, the gn@s of interest are primarily elastic, and
it is clear that the phase transition will giveeri® marked softening of the shear modulus as
the transition point is approached from the sthgbifields of both the tetragonal and

orthorhombic structures as a consequence of sofjerfi the single crystal elastic constants
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(C11 — C12) (Cohen 1992, 1994; Matsui and Tsuneyuki 1992 kkaand Gordon 1993; Lee
and Gonze 1995; Dubrovinsky and Belonoshko 1996kiket al. 1997a, b; Hemley et al.
2000b; Carpenter et al. 2000; Shieh et al. 200Xjraut et al. 2003; Carpenter 2006;
Lakshtanov et al. 2007b; Togo et al. 2008; JiangleR009; Bolfan-Casanova et al. 2009;
Driver et al. 2010). If the relevant mantle geothecrosses the transition in PT space, it
follows that the geophysical signal indicative dfetpresence of stishovite will be a
characteristic pattern of velocity changes for ddthnd S waves. As in the case offthe «
transition in quartz (e.g. Carpenter et al. 1998echMe et al. 2004; Carpenter 2006),
knowledge of the phase boundary in PT space cbeld help to constrain the local geotherm.
A much smaller anomaly is expected in the bulk nasl¢e.g. Carpenter et al. 2000; Andrault
et al. 2003; Carpenter 2006; Bolfan-Casanova €2@G09), but this would be a more subtle
effect and is altogether harder to detect even matberatory conditions.

Another characteristic feature of ferroelastic ghasansitions which is certainly
relevant in the geophysical context is acoustierathtion. This may be intrinsic in the
vicinity of the transition point or extrinsic over much wider interval of temperature and
pressure due to the mobility under stress of twallavin the low symmetry phase (e.g.
Carpenter and Zhang 2011). Interest in anelastectsf more generally has been stimulated
by the recognition that their temperature depengéncjuite different from that of the elastic
constants and, hence, that they could in pringypbyide a means of discriminating between
the effects of temperature and composition (e.gn&wwicz 1995; Karato and Karki 2001;
Gung and Romanowicz 2004; Brodholt et al. 2007;adand Bukowinski 2007; Lekic et al.
2009; Carpenter and Zhang 2011). The expectatiaihat for most of the earth, seismic
attenuation will be dominated by the anelastic props of grain boundaries (e.g. Tan et al.
2001; Jackson et al. 2002; Webb and Jackson 2008;dhd Jackson 2005; Jackson 2007;

Salje 2008). However, recent investigations ofdizrieamics of twin walls in perovskites have
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shown that loss mechanisms associated specifiadtiythe mobility under dynamic stress of
twin walls could be really quite substantial (etarrison and Redfern 2002; Harrison et al.
2004b, c; Carpenter et al. 2006; Daraktchiev 2@06, 2007; Walsh et al. 2008; McKnight et
al. 2009a, b; Zhang et al. 2010a, b; Carpentel: 8040; Carpenter and Zhang 2011).

Such considerations immediately raise the questaisndiscussed in Carpenter et al.
(2000), of whether there could also be significattenuation of seismic waves due to the
presence of transformation twins in orthorhombishstvite and, if so, what temperature-,
pressure- and frequency- dependence it might shénfortunately, these are not easy
questions to address directly for stishovite itskle to the inherent difficulty in trying to
measure anelastic properties at high pressuresltdrmative and more tractable approach is
to start with an analogue material which shouldvsiiibe same behaviour in principle but
under more easily accessible laboratory conditidhs. primary objective of the present study
was to show unambiguously that twin-wall relatedslanechanisms could occur in CaCl
which undergoes the same phase transition as oacussishovite but as a function of
temperature at ambient pressure rather than ascéido of pressure. Data are presented from
resonant ultrasound spectroscopy (RUS) and dynameichanical analysis (DMA) at high
frequencies (0.1-1.5 MHz) in the temperature irder7-626 K, and at low frequencies (0.1-
50 Hz) in the temperature interval ~378-771 K, eztpely.

As in stishovite, thd*4,/mnm « Pnnm transition in CaGlis driven by a soft optic
mode which induces softening of an acoustic modebilipear coupling of the order
parameter with the symmetry-breaking strain (Unetilal. 1992; Unruh 1993; Valgoma et al.
2002). From measurements of the lattice parameiads hence, determinations of the
spontaneous strain, it is known also that the ttiansis second order in both cases and is
expected to conform closely to the precepts of kantheory (Unruh 1993; Carpenter et al.

2000; Howard et al. 2005). The transition tempegfl, is ~491 K (Table 1; Barnighausen
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et al. 1984; Anselment 1985; Unruh et al. 1992;ubnt993; Howard et al. 2005). The same
transition is also observed as a function of terjpee in CaBr (Raptis et al. 1989; Raptis
and McGreevy 1991; Hahn and Unruh 1991; Unruh 19&gnedy and Howard 2004,
Howard et al. 2005), and ferroelastic twins havenbebserved in this material by optical
microscopy at room temperature (Unruh 1993). bbserved as a function of pressure in a
much wider range of materials, including MgfHaines et al. 2001; Kanchana et al. 2003;
Zhang et al. 2008; Kusaba and Kikegawa 2008b), f&&ng et al. 2011), CofWang et al.
2011), NiR, (Wang et al. 2011), ZnKPerakis et al. 2005; Kusaba and Kikegawa 2008Q),
(Nagel and OKeeffe 1971; Fritz 1974), Ma(MHaines et al. 1995), Ge@Haines et al. 1998,
2000; Lodziana et al. 2001; Ono et al. 2002b), R{(Haines and Leger 1993; Ono and Mibe
2011), Sn@ (Haines and Leger 1997, 2003; Haines et al. 1P@jnski and Kawazoe 2000;

Hellwig et al. 2003), PbgXHaines et al. 1996), and MgkZhang et al. 2007).

2. Experimental methods
Anhydrous CaGl powder purchased from Sigma-Aldrich was grounchgisi mortar

and pestle inside a glove box flushed with nitroges. Pellets with diameter 13 mm were
prepared by pressing the ground up powder undeesspre of 8 ton for 1 min. These were
then fired in air using as follows: (1) heat from33K to 673 K at 5 K/min; (2) hold at 673 K
for 2 h; (3) heat from 673 K to 773 K at 3 K/mid) (hold at 773 K for 48 h; (5) cool from
773 K to 383 K at 3 K/min. Rectangular parallelepsamples were cut from the pellets
using an annular diamond saw lubricated with parafFor RUS measurements, the
parallelepiped of Caglhad dimensions4.260x3.143x3.039 mm’, mass 0.0577 g. The
density calculated from these dimensions is 1.4&8Y which is 64 % of the theoretical
density, 2.20 g/cth based on lattice parameters at 300 K given byubrft993). Porosity

leads to lower values of elastic moduli than iulyfdense sample (Ren et al. 2009). But the
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interest here is in the pattern of changes throinghphase transition rather than absolute
values. For DMA tests, the sample had dimensib268x1.743x3. 3 mhr. Anhydrous
CaCl is very sensitive to moisture, and the sampleswieerefore kept in a desiccator with
P,Os powder as desiccant.

An offcut from the pellets used to make the RUS &MA samples was crushed,
immersed in a refractive index oil and examinedipolarizing optical microscope. Single
birefringent grains up to ~5-1m wide could be seen and some of these contairzedipbr
lamellar features, indicating the presence of fiansation twins arising from the tetragonal
- orthorhombic transition during cooling from thenaaling temperature.

High temperature RUS data were collected in thguieacy range 0.1-1.5 MHz with a
step size of 28 Hz (50,000 data points per spegdtusimg alumina buffer rods protruding into
a horizontal Netzsch furnace (McKnight et al. 20680 Stanford electronics described by
Migliori and Maynard (2005). The sample was testieding repeated heating and cooling
within the temperature range 386-626 K, with terapge steps of 2 K. During the last run,
temperature was lowered to 291 K. The signal wasegdly weak but these repeated
measurements revealed an overall pattern of ped&tioas which appeared to be systematic
and which could be analyzed further. Low tempermtBtJS data were collected with the
same frequency range and step sizes between 7 BRGhH at 5 K intervals during cooling
and heating using dynamic resonance system (DRSQJuMs Il electronics and an Orange
helium flow cryostat, as described by McKnight et(2007).

DMA measurements were undertaken by parallel glatepression using a Diamond
DMA from PerkinElmer over the temperature range-37& K, with a heating and cooling
rate of 3 K/min. StaticKs) and dynamic forced() were applied in the frequency range 0.1-
50 Hz using a steel rod. There is a phasedabgetween the applied force and the response of

the sample, which is measured as the displacenfie¢hé dod,uy. Energy dissipation is given



151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

by

taro=E"/E’, (1)
where E" is the loss modulus (i.e. the imaginary componémomplex Young’s moduluk)

and E’ is the storage modulus (i.e. real componerif)and the Young’s modulus by

E = hF,exp(id) / (Au,), 2)
whereh is the height of the sample, 3.713 mm, @& the base area of the sample, 2.210

mnv.

3. Results

Fig. 1 shows segments of RUS spectra in the forstamks with offsets up the y-axis
in proportion to the temperatures at which theyenaollected. Regularly spaced background
peaks at high temperatures which do not changeudrery to any great extent with
temperature are due to the alumina buffer rod¢eddgt some of the noisy background at very
low temperatures arises from somewhere in the saimmglder rather than from the sample
itself. All the resonance peaks shift to lower fregcy (elastic softening) with decreasing
temperature and disappear below 481 K. They aredet&ctable in spectra collected in the
high temperature instrument between 481 K and rtmmnperature. Low amplitude peaks are
easily visible in spectra from the low temperatungrument, however, due to the advantage
of having the sample sitting directly on the tramsgts rather than at the end of alumina rods,
remote from the transducers. With further decreagemperature, the peaks shift to higher
frequencies (elastic stiffening). At the lowest paratures, weak peaks appear to be present
but their trajectory is hard to follow due to noise

The normalized square of frequenéiyf” is proportional to the shear modulus,

(f/f0)*= GIGo (3)
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assuming that the lowest frequency resonance pep&ndls exclusively on shearirfg.and
Go are the resonance frequency and shear moduluseé¢érance temperature chosen here to
be 626 K. Values of the inverse quality factQr', were obtained from fitting an asymmetric

Lorentzian function to individual resonance peaks a
Ql=nf/f, (4)
wheref is the frequency of the peak afflits full width at half maximum amplitude. Strictly

speaking, absolute values @f* for comparison with other measures of damping khbe

obtained from fitting to the square of the ampléutut the difference is only a factor of/3
(see, for example, Lee et al. 2000; Lakes 2004¢. rElsulting temperature dependence6 of
andQ* are shown in Fig. 2. Note that no data were obthin the temperature range 306-481
K due to strong dissipation, or below ~105 K. Quadive variations visible in the raw spectra
(Fig. 1) are confirmed as being due to softeningthed shear modulus as the expected
tetragonal ~ orthorhombic transition temperature of 491 K (Bghausen et al. 1984;
Anselment 1985; Unruh et al. 1992; Unruh 1993)@dpraached from either side. The total
softening between 626 and 481 K is ~25 %. Value® bfemain small (low attenuation) in
the stability field of the tetragonal phase. Reklly high attenuation occurs throughout the
temperature interval 105-306 K, over which peaks ba resolved in spectra from the
orthorhombic phase.

The temperature dependence€bénd tard obtained by DMA at frequencies of 0.1-
50 Hz are shown in Fig. 3. Results 8rand Q™" obtained by RUS at ~0.3 MHz are also
included for comparison. Note that the DMA dataeext through the temperature interval
between room temperature and 481 K where no RUS datre obtainedE’ increases
smoothly with falling temperature from 771 K to 681 essentially as would be expected for
a material with normal thermal expansion, but teeftening begins below ~550 K. There is a

distinct, though rounded minimum at ~470 K whicim@g obviously dependent on frequency.
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A smooth increase (stiffening) then occurs dowrB#®@ K. This pattern of softening and
stiffening below ~550 K is clearly associated witie expected phase transition. In marked
contrast with the RUS results, however, there isemdence for any acoustic loss asdan
remains at a relatively low value for all frequesxciat all temperatures below 650 K. Above
~650 K, there are significant increases indaitnich vary systematically with frequency such
that the steepest increase is seen at 0.1 Hz anshthllest increase at 50 Hz. These changes
in tand at high temperatures also correlate, more or lgh, changes inE’, which shows
mark softening at 0.1 Hz and nearly constant vahteS0 Hz. A strong anelastic effect is
implied and is most likely related to the influenalegrain boundaries as the melting point

(1045 K for anhydrous CaglPatnaik 2002) is approached.

4. Discussion

The P4,ymnm  Pnnm transition in CaGl displays all the classic features of a
pseudoproper ferroelastic phase transition whickesond order in character (Unruh et al.
1992; Unruh 1993, 1995; Valgoma et al. 2002). Oae Hasis of lattice parameter data

presented in Unruh (1993), the symmetry-breakir&yslstrain,(q —ez), exceeds 4% at 0 K,

and scales with temperature @s-e,) 0 Q* (TC —T), whereQ is the order parameter and

TC* is the transition temperature. In addition, there volume strain of over 1% which is
made up of a large contraction in the (001) pla(@;k q) ~ —0.01, and a much smaller
contraction along [001]g; =~ —0.001. The transition is driven by a soft optioda and the
driving order parameterQ, couples bilinearly with the symmetry-breakingasir as
A(el—g)Q, where A is a strain/order parameter coupling coefficiedhruh et al. 1992;

Unruh 1993). Based on Raman spectroscopic dathdéamoft mode and lattice parameter data

to follow the strains, the overall pattern of beiloav is consistent with the expectations of



225 Landau theory (Unruh 1993). A more complete devalept of the Landau expansion to
226 include predicted variations of the elastic contsténas been presented elsewhere for the same
227 transition as a function of pressure in stishoy@arpenter et al. 2000, Hemley et al. 2000Db,
228 Carpenter 2006).

229 A quantitative description of the elastic propesrtee CaCj would need data for the

230 elastic constants of the tetragonal structure whrehnot yet available. Nevertheless, there are
231 two particular observations which indicate how Ik, shear and Young’s moduli must vary

232 qualitatively. Firstly, the strength of bilinearan/order parameter coupling is indicated by

233 the difference betweel, and the critical temperaturg,, according to

/12

234 T -T. = , (5)

’ ‘ a% (C101 _Cloz)
235 wherea is the coefficient of th€” term in a normal Landau expansion &Bf and C; are
236 elastic constants of the tetragonal phase withdflieance from the transition. From Unruh et

237 al. (1992) the value o’ﬂ'c* —-T. is 247 K, consistent with the large observed sls&ain and

238 strong strain/order parameter coupling. This ldads steep softening &,, -C,, asT - TC*

239 from above and ofCii—Ci :%(C11+CZZ—ZC12) asT - TC* from below. The second
240 directly relevant observation is the value of ~@bthe ratio of slopes of the square of the
241 frequency of soft mode below and aboTé (Unruh et al. 1992). This ratio is also given by
242 2b/b*:1, whereb is the coefficient of the fourth order term in h@ndau coefficient anb* its
243 value as renormalized by coupling of the stra(B§+ ez) and e; with Q% Such a large
244 observed ratio implies a large renormalisationboéind this is consistent with the large
245 observed values diel +ez) in Unruh (1993). Strong coupling of the order paeger with the
246 non-symmetry breaking strains in this way leadssignificant softening of the elastic

247  constantsCii +Ci = %(C11 +C,, + 2C12), Cas, C13 andCy3 of the orthorhombic structure. The
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overall form of the expected elastic anomaliesherafore that given in Fig. 9 of Carpenter

and Salje (1998) and reproduced here in Fig. 4. @k modulus will display the same
pattern of evolution as shown f@1 +C12, and the shear modulus will have a form which is

a combination 0fC11 — Ciz2, Ca4, Css andCeg. The Young’s modulus depends on both the shear

modulus and the bulk modulus in the usual way (K G/(3K+G)). Thus the steep softening

of GasT - TC* observed by RUS (Fig. 2) and the dipEnthrough TC* observed by DMA
(Fig. 3) are much as would be expected. This isentconsistent with the pattern of elastic
softening predicted for stishovite by Carpenterakt(2000). Not included in the Landau
description is the influence of fluctuations, whigbuld give some additional softening as the
transition is approached from above, particulaflthe bulk modulus (cf. Carpenter and Salje
1998).

The primary objective of this study was to investey the possibility of anelastic
losses accompanying the ferroelastic transitioBaCh as analogue behaviour for the extent
to which SiQ with the stishovite structure might give rise &ssnic attenuation in the Earth’s
mantle. At DMA frequencies, there is no evidence &my acoustic loss related to the
transition and the question then arises as to wehékis is due to the experimental conditions
representingwr >> 1 or wr << 1. Herew represents the angular frequency of the applied
dynamical stress (=12 for f in Hertz) andr the relaxation time of the twin walls; maximum
dissipation occurs ar = 1 according to the Debye equation (Nowick andrys@972). At
RUS frequencies, the loss behaviour appears toyfieat of the influence of ferroelastic
twins, implying that the relaxation times for twivalls to respond to an external stress are in
the vicinity of ~1¢° s and, hence, that DMA measurements represetethaviour atwr <<
1. Conventional transformation twins have been onlegkin single crystals of CaB(Unruh
1993) and, from the optical observations descrieolve, it appears that twins were present

in the polycrystalline sample used here.
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Within the stability field of the tetragonal pha&g’ remains low in spite of the real
issue of dealing with a difficult material to prepand handle. It tends to increase when the
transition temperature of 491 K (given by Barnigham et al. 1984; Anselment 1985; Unruh
et al. 1992; Unruh 1993) is approached from abdwenediately below the transition
temperature, the dissipation becomes sufficiemtlgd that resonance peaks are not observed.
This is characteristic of twin wall mediated supenauation, as observed in LaAO
(Carpenter et al. 2010). In the interval where dlame no data, a plateau of attenuation would
then be expected, by analogy with the dissipatienalsiour of both acoustic and dielectric
properties at ferroelectric transitions, which tgilbuted to viscous movement of twin walls.
The viscous drag may be understood in terms talidreption of phonons behind the moving
walls (Combs and Yip 1983; Huang et al. 1992; Wanhgl. 1996; Harrison et al. 2004a). At
lower temperatures, the improved resolution of lthe temperature RUS head reveals the
presence of broad RUS peaks with a tendencyQfbrto reduce with falling temperature,
corresponding to the lower temperature part oetkfgected plateau region. Below ~100 K the
peaks seem again to disappear though some relasiiatp resonances may be present in the
rather noisy spectra collected at the lowest teatpegs. A peak of dissipation in this
temperature range would be due to freezing of thie twall motion if it follows the
characterstic behaviour of other systems. Hendleowagh the data fa™* are incomplete, the
present observations are at least consistent Wwehpattern of loss behaviour reported for
LaAlO3; by Harrison et al. (2004c) (and see Fig. 6 of €ater et al. 2010). This pattern is
shown by the dash-dotted curve in Fig. 2b.

From these observations it appears that €b€lhaves in exactly the manner expected
for other ferroelastic materials with respect t@ist evolution, elastic softening and acoustic
losses. There is no reason to suppose that thengggtand dynamic loss mechanisms would

be any different for essentially the same transitio stishovite and the only remaining
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guestions, in terms of analogue properties, are rélative magnitudes of strain/order
parameter coupling, for the softening, and thetikedarelaxation times of twin wall motion,
for the dissipation. The magnitudes of strain cmgpleffects are already reasonably well
constrained for stishovite (Carpenter et al. 200&mnley et al. 2000b) while relaxation times
will need to be determined experimentally. If tledakation behaviour is more or less the
same between the two systems, it follows that #lecities of seismic waves through a rock
containing twinned, orthorhombic stishovite sholle determined by the relaxed elastic
constants, i.e. including substantial motion of tlven walls. Comparison with experimental
results from single crystals of LaAl@erovskite at low frequencies in its superelast@me

(Harrison and Redfern 2002; Harrison et al. 200dbygest that the effective value of

511 —512 could be as low as ~10% of the intrinsic valuecalihexcludes the influence the
twin walls. In a polycrystalline sample, i.e. akpthe total magnitude of the twin wall related
softening will be less than this, because only s@moportion of the grains will have twin
walls orientated in such a way that they experigheemaximum displacement in response to
a given orientation of shear stress (Harrison e2@03). Even so, the effective softening
should still be greater than the intrinsic softgnamising from strain/order parameter coupling
and the effective shear modulus will be similagguced. Harrison et al. (2003) also pointed
out that even a small degree of preferred oriesafor twinned ferroelastic crystals could
lead to enhanced seismic anisotropy because o$ehesitivity of twin wall motion to the
orientation of an applied shear stress.

In conclusion from the present considerations dtlgahe geophysical signal for the
presence of orthorhombic stishovite in the mantieutd be lowering of acoustic velocities
but without significant attenuation. Only if thelaeation times are substantially slower in
stishovite, due to the differences in bonding (pafarly for rotations of adjacent octahedral

against each other in the (001) plane) or to pmmhthe twin walls by impurities such as H
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or Al, would the softening be accompanied by amaase in attenuation. There is still some
uncertainty over the location of the phase tramsiih PT space (Ono et al. 2002a; Tsuchiya et
al. 2004; Nomura et al. 2010) and of the effeAlodr H impurities (Lakshtanov et al. 2007a,

b). It is therefore not yet clear exactly whereststivite in subducted oceanic crust would
transform to the orthorhombic structure, but theme now at least clear patterns of predicted

elastic and anelastic behaviour for comparison g&bphysical observations.
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FIGURE CAPTIONS
Fig. 1. Stacks of RUS scans for CaCfa) High temperatures. Regularly spaced backgroun
peaks are due to the alumina buffer rods. (b) Leawgderatures. The background peaks at very

low temperatures are noise from somewhere in tmpkeaholder.

Fig. 2. (Color online) Temperature dependences of sheduhnsG and inverse quality factor
Q* of CaChdetermined by RUS. The dashed line is the tramstémnperature 491 K (given
by Barnighausen et al. 1984; Anselment 1985; Uraull. 1992; Unruh 1993). The dash-

dotted curve shows the pattern of loss behaviour.

Fig. 3. (Color online) Temperature dependences of stomageulusE' and dissipation tah
measured at different frequencies (0.1 — 50 HzPMA for CaCk during cooling with the
cooling rate of 3 K/min. The temperature dependgrafeshear modulu& and inverse of
quality factor Q' determined by RUS at high frequencies ~0.3 MHz as® shown for
comparison. The dashed line is the transition teatpee 491 K (given by Barnighausen et al.
1984; Anselment 1985; Unruh et al. 1992; Unruh )998creases in tah at high

temperatures are most likely due to the influerfogran boundaries.

Fig. 4. Schematic form of elastic constant variations etgx for a pseudoproper ferroelastic

tetragonal- orthorhombic phase transition (from Fig. 9 of Garer and Salje 1998).
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Table1

Summary of transition temperature for Ca@tected using different methods.

Method Sample  Transition Reference

temperature (K)

XRD powder 491 Barnighausen et al. 1984

XRD powder 491 Anselment 1985

Raman Spectroscopy  pellet 491 Unruh et al. 199@rub)
1993

Synchrotron XRD powder 508 Howard et al. 2005
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642 low temperatures are noise from somewhere in tpkeaholder.

643

644

27



1.1:I‘""""'l""l""I"'I.Illll|l|||_|_.
%_(a) ! —E
~ E + 0.25 MHz ! E
S 09F ¢ 032MHz | 3
S E - 0.38 MHz | :
= X 0.40 MHz ' ]
0-8;‘ O 0.55MHz f E
0.010 FFrrr T
:l(b) 0 000 E ]
AR Y :
0.008:—; \ s g :
700065 A v .|; ]
:- * %/“;%, 'kx :
0.004;! g:f@m t‘;‘x X
o S X35 ]
0.002:— & :
O:I‘IIII||||||||||||||,|||||:|ll”|”|l_;

0 200 400 600

r(K)

645

646 Fig. 2. (Color online) Temperature dependences of sheduhasG and inverse quality factor
647 Q' of CaChdetermined by RUS. The dashed line is the tramstéonperature 491 K (given
648 by Barnighausen et al. 1984; Anselment 1985; Ureuhl. 1992; Unruh 1993). The dash-
649 dotted curve shows the pattern of loss behaviour.
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Fig. 3. (Color online) Temperature dependences of stomageulus E' and dissipation
tanD measured at different frequencies (0.1 — 50yADMA for CaC} during cooling with
the cooling rate of 3 K/min. The temperature dejesicds of shear modul@and inverse of
quality factorQ* determined by RUS at high frequencies ~0.3 MHz as® shown for
comparison. The dashed line is the transition teatpee 491 K (given by Barnighausen et al.
1984; Anselment 1985; Unruh et al. 1992; Unruh }998creases in tdn at high

temperatures are most likely due to the influerfogran boundaries.
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667 Fig. 4. Schematic form of elastic constant variations eigx for a pseudoproper ferroelastic

668 tetragonal- orthorhombic phase transition (from Fig. 9 of Garer and Salje 1998).

30



